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CHAPTER 1
INTRODUCTION

The purpose of this monograph is to present a critical review of those equiv-
alence techniques which have been and are being used to define and simulate
service vibration environments in the testing laboratory. A further objective
of the monograph is to present a unified and current overview of the heretofore
fragmented activities involved in the formulation of vibration equivalence
methods.

The term vibration equivalence shall be interpreted to be concerned with
(a) the various techniques used to derive test levels, (b) the performance of tests
intended to simulate the conditions of service vibration, and (c) the duplication
of critical damage processes. The interpretation is extended to include those
techniques which may be applied to derive substitute vibratory loads for use in
product design and performance evaluation. As a result of the previous inter-
pretation, the vibration equivalences are found to encompass vibration simulation
techniques in general, and are not restricted to the unsuccessful random-sine
equivalences which were attempted during the middle 1950's.

The vibration equivalence techniques were assembled in two categories, as
shown in Fig. 1-1, using equality as a basis for defining each category. One
category includes those theories which establish equality by defining a damage
criterion and equating the amount of damage produced by different vibration
experiences. This category of equivalence techniques includes damage that will
accumulate and eventually cause failure, and damage that is a function of tile
magnitude of some parameter of specimen response. The second category of
equivalence techniques includes those approaches used to improve test realism
by recognition of the ever-present structural interaction between a specimen and
its support.

The equivalences based on cumulative damage draw heavily on various theories
developed to explain material fatigue processes. The fundamental theory needed
to develop the cumulative damage equivalences is developed by Chapter 3, and
will lead to various techniques which may be used for scaling test time and
changing test type. The equivalences based on magnitude of damage include
those techniques which equate important specimen response characteristics such
as motion or operational malfunction. These equivalences are described in
Chapter 4. Chapter 5 covers the interaction equivalences and is to a large extent
a survey of current work in the application of mechanical-impedance concepts to
the problem of improving test realism. The mechanical-impedance equivalences
are difficult to implement because in-service force data are not generally avail-
able or easy to obtain. The emphasis in this chapter is on providing the reader
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Fig. 1-1. Vibration equivalence categories.

with an appreciation for possible weaknesses in test and equivalence practices
when specimen and support interactions are ignored. Chapter 6 provides a
discussion of the uses of vibration equivalence techniques and the application of
equivalence concepts to the problem of performing meaningful vibration tests.
"Although the word test appears frequently in the text, no lack of emphasis is
implied for the problem of field data interpretation. An objective of Chapter 6
is to identify each major event associated with vibration simulation and testing,
discuss the relationship between each event and the other events, and indicate
the manner in which the equivalence teclmiques are used to define the inter-
relationship of these events.

The application of vibration equivalence techniques to accepted testing pro.
cedures involves the use of engineeri.g judgment, empiricism, and a willingness
to accept some inaccuracy in results. Therefore, the use of vibration equivalence
techniques has been subject to some controversy [I ] , even though the boundaries
of this inaccuracy ue betlter defined than the boundaries of the inaccuracies which
may result from ....... rent test practices.

Included ý0 - .,.h are the results of a thorough survey and literature
search di,,..:'• ,'aA l".ning every available paper relating to vibration
equivalencc. 1ho ptimar:•!y uUrcCs of information include the following:

1. All '/c/:ltsikvd N/io•A and Vibrqtion Bulletins through 1970.
2. TheA pp/w',cc S.:."es and Technology Index, 1958 through February 1971.
3. A litevatuIc seaich performed by the Defense Docunentation Center,

covering 20 years to March 1970.
4. A literature search performed by the National Aeronautics and Space

Administration, covering 20 years to March 1970,
5. The Shock and Vibration Digest, January 1969 through March 1971.
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6. References cited in reviewed articles.
7, Suggested additional sources resulting from a letter survey of 186 authors

and engineers in the field of vibration testing.
Each article, paper, or report was read and annotated for inclusion in the
monograph. The papers are widely distributed in source, with many from
countries outside of the United States. It was found that the majority of the
authors presupposed that the reader was familiar with work in the fields of
fatigue damage and mechanical impedance. 'he monograph contains rudimentary
theory in both of these fields for the uninitiated reader.

The letter survey of authors and engineers engaged in vibration testing elicited
a generous response. A few of the letters are quoted which represent the general
thinking of the respondents. Several unpublished memos, papers, and reports
were also surveyed; however, the bibliography is limited to available published
work.

One persistent problem which tended to hamper the review and comparison
of the many authors' work was an inconsistency in the use of symbolism and a
corresponding lack of a symbolism technique which would define accurately the
meaning of important symbols. A result of this problem was the adoption of a
generalized method of symbolism, described in the appendix, which is used

throughout the monograph.
The overview of various vibration equivalence techniques and their application,

as provided by this monograph, was intended to be complete and current.
Therefore, if any significant paper or report was omitted, comments on such
omissions will be gratefully received.



CHAPTER 2
A REVIEW OF CUMULATIVE-DAMAGE THEORY

It is important for the reader to be familiar with those fundamental aspects
of fatigue theory which provide a basis for the cumulative-damage equivalences.
Of particular interest are the concepts associated with the fatigue and cumulative-
damage processes. The ideas are not difficult to master; however, it is easy to
assume that a material characteristic is of a simple nature when the characteristic
is in fact strongly dependent on some less obvious variable. As an example, there
are many handbooks, technical articles, and vendor specifications in which the
ultimate strength of a material may be found in a listing of material mechanical
properties. For the majority of engineering uses the listed value is an adequate
guide. However, the engineer who is designing a structure that experiences rapidly
changing loads, perhaps aircraft landing gear, might reject a material which meets
all other criteria if he did not know that the ultimate strength of certain mate-
rials will appear to increase at high rates of Atrain. Many additional examples
could be cited, such as the temperature dependence of ductility and creep, but
it is necessary to direct our attention to those material characteristics which
influence the use of vibration equivalence techniques.

The first section of this chapter provides a review of fatigue theory
and the concept of cumulative damage. This section is intended to serve
as a primer and may be bypassed by the reader who is versed in fatigue
terminology.

The second section presents detailed coverage of three cumulative damage
theories. These theories are of interest because each of the currently used
cumulative-damage equivalences may be reduced to a mathematical statement
identical to one or more of the three theories. The more advanced reader may
choose to bypass this section,

The final section of the chapter contains a listing, by type, of all fatigue
theories which were found by the author during a literature search associated
with the preparation of this monograph. Each fatigue theory was categorized as
either linear, nonlinear, or phenomenological. In addition, each theory is briefly
described and suitable reference sources are identified. This section is intended
as a starting point for the reader who has interest In the development of more
complex equivalence techniques.

There are many excellent publications which may be consulted by the reader
who is interested in a more detailed presentation of progress in the field of
fatigue damage. These publications include Refs. 2 through 5.
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2.1 Fatigue and Cumulative Damage

Fatigue Is a process of damage accumulation resulting from the repeated ap-
plication of load. The term load is used to specify any force or collection of
forces acting on an object, and is described by known or measured relationships
between magnitude, direction, and time. The results of load application are
deformation and the formation of stress patterns in the loaded object. It follows
that discussions of material fatigue properties in terms of stresses and stress
cycles imply specific load patterns on a given object. Thus the term load is used
to define cumpletely the stress and deformation resulting from forces-whether
these forces originate from sources internal or external to an object, result from
changes in momentum, are due to thermal expansion, or are caused by forces
of any other origin.

A load may consist of one or more applications of a single load, a sequential
application of several specific loads, the superposition of one or more single or
sequential loads, the superposition of a randomly varying load and single or
sequential loads, or perhaps an entirely random variation of load. Each of these
load situations influences the fatigue life of a material. The nature of this in-
fluence has interested several researchers and caused them to attempt to find a
fatigue model which will accommodate the various types of loads. Current
fatigue theory is based on the concept of cumulative damage. The concept of cu-
mulative damage is that every load cycle causes incremental damage, which is accu-
mulated until a certain level of damage is reached at which the specimen will fail.

Historians in the field of fatigue damage have noted that fatigue failures
caused by the repeated loading of a structure were not given serious considera-
tion prior to the early 1800's [4]. Even .hen many engineers were reluctant to
accept the idea that small repeated loads, including loads above the endurance
limit as it is now defined, would cause damage to accumulate and lead to failure.
Fatigue failures appear frequently in service and are known to account for the
majority of all mechanical fractures 161.

Two phases believed to be involved in the fatigue process are crack initiation
and crack propagation [7] . The various theories used to predict fatigue life differ
in the treatment given each of these two phases. In later sections of this chapter
the differences among the various theories will be discussed; however, it is of
interest here to recognize that some theories hold for both phases of damage
accumulation, whereas other theories offer separate models for each phase.

The relationsh-dp between the stress induced by an applied load and the number
of load repetitions which, under a given set of conditions, will cause failure, may
be described by a curve similar to that shown in Fig. 2-1. This curve represents
the mean of experimental data and is usually plotted to logarithmic scales.
Within certain limits the logarithmic curve may be approximated by a straight-
line relationship such as curves A or B in Fig. 2-2. These curves are commonly
called S-N curves, where S refers to stress amplitude and N to the number of
constant-amplitude load applications expected to cause failure.
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Fig. 2-1. Stress level vs number of load applications.
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Fig. 2-2. Typical S-N curves.

The number of stress applications that a material will withstand varies with
load level and is called fatigue life. If a material exhibits the property that re-
peated stresses below some certain level will not cause failure, that particular
stress level is called the endurance limit. Curve A of Fig. 2-2 represents a mate-
rial which clearly has an endurance limit, whereas an endurance limit is not de-
fined for the materials of curve B or curve C. In those cases in which an endur-
ance limit is not clearly defined, the value of stress at N = 107 cycles is frequently
selected as the endurance limit.

The experimental techniques used to generate S-N curves are usually very
carefully controlled to assure uniformity in such factors as specimen geometry,
loading, temperature, and alloy composition, and yet at any one load level the
test data scatter may range from 10:1 to 100:1. As a result, it is of more signif-
icance to describe the S-N curve in terms of a mean value with an attendant
standard deviation, or in terms of probability of failure at any specific stress
level [8].

When it is necessary to select an S-N curve, consideration must be given to
several other factors in addition to assuring that the data were taken for the mate-
rial of interest and that the range of data scatter is known.
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A change in temperature will modify the fatigue failure processes. A reduc-
tion in temperature usually increases the number of load cycles needed to cause
crack nucleation. At higher temperatures, when a crack is started it tends to
propagate faster, and the material tends to fail at shorter crack lengths. An in-
crease in temperature can lead to increased crack propagation rates, as creep
processes enhance the progress of fatigue damage. The effect of temperature on
fatigue life is shown in Fig. 2-3.

[ -4 -23"F 32 .

CYCLES TO FAILURE

Fig. 2-3. Fatigue lifec as a runction of test temperature
(typical for most metals) [91.

The geometrical shape of a specimen, and in particular sharp inside corners,
holes, notches, or inclusions that create stress concentration will modify the ap-
parent fatigue properties of the specimen. A stress concentration may create a

volume of material subjected to repeated
plastic strain. The region subjected to
repeated plastic strain may become a

200 source of fatigue cracks which, on con-
tinued load application, propagate through

•. O0 ,UNNOTCHED the material causing early fatigue
_z -failure. The effect of a notch on specimen

t• ,5 •,1o •fatigue life is displayed in Fig. 2-4.

S40- Stress risers mutst be considered during
S230-WTCE the selection of S-N data for specimens

F- 20-which have notches or other stress risers
16,101.

JO- L "-,' The nature of an applied load will
Io' I0o" tO? influence the experimental S-N relation-

CYCLES, N ships. Most fatigue experimenis consist

Fig. 2-4. Typical fatigue life reduction of lodn a emen a ly ih
due to a notch in a rotating-beam reversing load about a zero mean stress.
specimen. In Figure 2-5,fa zero mean stress condition
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exists when AS = 0 and S(max) = -S(min). If some value of mean stress, AS, is
produced by preloading or the presence of residual stresses, a fluctuating stress is
said to exist where S = AS + S(variable). If the absolute value of the mean stress
is relatively small, the mean stress has small effect on fatigue life. A "small"
mean stress has been estimated to be about one-third of the alternating stress
amplitude [8]. When the mean stress is equal to or greater than the alternating
stress,

IASI i> [S(variable)l (2-1)

the stress is called pulsating and is sometimes characterized by the ratio of S(max)
to S(min).

+ /•"--S(VARIAB/LE)

0

Fig. 2-5. Stress resulting from a cyclic load.

A compressive mean stress or a compressive residual stress must be overcome
by an applied load prior to the development of tensile stresses. Compressive
mean stresses are frequently used as an intentional design ploy to increase the
fatigue life of a critical structure or component. The result is to lower the tensile
stresses resulting from a given load, and thus to reduce the tendency to repeatedly
open existing fatigue cracks.

The S-N curve is frequently approximated by a straight line on a log-log plot
for much of its useful range. This approach is valid in a practical sense because
(a) very low-cycle failures approach static strength conditions when compensated
for rate of load application, and (b) the high-cycle range has poor accuracy and
is usually avoided because small variations in stress lead to very large changes in
N. A reason to use caution in the high-cycle range is that damage will accumulate
at stresses below the S-N curve [11 ].

An accurate evaluation of cumulative damage in terms of basic fatigue perform-
ance is sometimes questionable, even for a simple test, because the basic mechan-
ics of fatigue damage are poorly understood. Freudenthal [121 tentatively
divided the effects of cyclic stress amplitudes into three groups:
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1. A high-stress range where N < I 0S cycles. The failures in this range are
characterized by severe crystal fragmentation and disorientation accompanied by
hardening.

2. A "true" fatigue stress range where 105 <N < 107 cycles. The failures in
this range are characterized by reversed slip and slip concentration into striations
with very little hardening.

3. A "safe" stress range where N > 107 cycles. In this range there is widely
distributed slip, but neither hardening nor substantial pore or microcrack forma-
tion occurs.

The simplified S-N curve is illustrated by Fig. 2-6. When the slope of the
logarithmic S-N curve is defined as shown, the S-N relationship becomes

b logS = logC - log N (2-2)

where C is a constant evaluated at a known reference condition. Equation (2-2)
is frequently stated in another form,

NSb = C1 , (2-3)

where the exponent b assumes values from about 5 to 20 for various materials.
When it is of interest to consider changes in N with changes in S, then

N1 = N0 (so b (2.4)

where the subscript 0 refers to a known point on the S-A curve and the subscript
i represents the conditions related to or resulting from load i.

80

70' MEAN STRESS-O
_60-

b
_z 50-

40-

(030-

20-
103 104 105 106 107

CYCLES, N

Fig. 2-6. S-N plot for 7075 aluminum.
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2.2 Theories Underlying Equivalence

Miner's Method

Miner's [ 13] method is the most universally applied linear cumulative damage
theory because it is relatively simple and yields predictions usually as accurate
as other methods. Miner's theory is sometimes called the Palmgren-Miner theory
in recogtnition of the fact that Palmgren [14] documented the linear damage
accumulation concept about 20 years before Miner. Langer [7] also investigated
linear damage accumulation in a general sense and described the fatigue process
as consisting of both crack initiation and crack propagation.

Miner's theory consists of a simple summation of the fraction of usable speci-
men life consumed at each load level during a specimen's load history. Fatigue
damage is assumed to be proportional to work absorbed in the test specimen.
The absorbed work in turn is considered proportional to a ratio of the number of
applied stress cycles to the number of stress cycles that will produce failure at
the given stress level. It is assumed that the amount of damage required to fail a
specimen is constant, that the amount of damage is a simple function of load,
and that damage is independent of load sequence. Failure is predicted when a
sum of the fractional damage from all sources of cyclic stress is equal to unity:

m

D -- (2.5)
i1N

where
d = damage fraction or fraction of consumed fatigue life
ni = the number of cycles experienced by the specimen at load i

Ni = the number of cycles to failure at load i from an appropriate material
S-N curve.

Miner's experimental data for total damage accumulation at actual failure gave
D values ranging from 0.61 to 1.45. The variations in damage summation have
been verified by other researchers [ 15,161. The absolute value of damage at fail-
ure appears to be a function of load level and load sequence, with variable-
amplitude loads causing significant deviations from the D = I failure criterion.
Freudenthal and Heller [17] have shown that D varies between 0.1 and 1.0 when
intermixed stresses are used on smooth unnotched specimens of 2024 aluminum
and 4320 steel, and Hillberry [18] found that the Miner summation yielded
values from 1.5 to 5.0 for 2024 aluminum under random loading. The range of
0.3 to 3.0 seems to contain all well-mixed loading spectrums; however, coaxing
tests have yielded values in excess of 10. The values obtained by monotonically
increasing load levels, i.e., coaxing, are not necessarily a realistic representation of
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a service environment. The use of fatigue theory to establish vibration equivalence
relationships is usually concerned with the equality of damage between tests
rather than the magnitude of the damage summation. If Miner's theory is used
to estimate fatigue life,D = l is a good average value, and values down toD = 0.3
may be assumed if a conservative life prediction is desired.

Miner's cumulative damage theory is considered independent of stress because
equal amounts of damage are assumed for equal fractions of life regardless of
stress amplitude. It is instructive to plot normalized damage against cycle ratio
as in Fig. 2-7. Because there is no stress dependence, one curve such as Fig. 2-7
may be used to characterize the damage accumulation process. It is assumed that
the amount of damage caused by any one cycle is dependent only on the number
of cycles to failure (life) at the applied load amplitude for that cycle, and not
on the total life consumed prior to application of that cycle or the magnitude
of previous loading. That is,

dD_

ADi -d •(2-6)

which would not be true if the damage curve changed slope at a specified load
level due to the application of prior loads [191.

-------------------
FAILURE

n I

Fig. 2-7. Damage-cycle ratio relationship, no
stress dependence.

The definition of damage at failure requires further consideration because a
failure mode may be level dependent. A fatigue crack of sufficient depth to
cause catastrophic failure at a large load may not cause failure at a lower load.
The definition of failure, perhaps crack depth or percent absolute loss of strength,
must be uniformly applied to assure the validity of a relationship such as that
shown in Fig. 2-7.

The specimen fatigue life Nf in cycles, resulting from different sets of load
history, may be derived from Miner's theory,
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- tn

N=. (2-7)
nil

It is now possible to derive an expression for an equivalent stiess which will cause
the same damage over the total number of applied load cycles as the damage
produced by the i stress levels,

3e nsi h11b(2-8)

where Se is the equivalent stress.
The Miner hypothesis is usually applied to the linear summation of' a spectrum

of constant-amplitude loads; however, it may be extended to continuous spec-
trum or random loads. This is accomplished by assuming that each peak in the
load spectrum represents a "cycle" and that a characteristic frequency of the
narrowband random-load spectrum exists which is defined as the average number
of zero crossings with positive slope per unit time. Knowing the probability
density of the peaks, the characteristic frequency may be computed,

E[n ]=- tPtS-'d- * (2-9)

where
Enp] = the expected number of peaks during time t

f= the characteristic frequency of peaks between S and S + dS
P[SjdS = the expected number of cycles where the stress amplitudes lie

between S and S + dS.

In terms of load i, a single-peak stress Si resulting from load i causes an incre-
ment of damage of 1/NI. Since the spectrum level varies continuously, the
damage summation is expressed by an integral,

E(D]= fCtf P[- )dS (2-10)
f rs]1
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where
N[S] = the number of cycles to failure at stress amplitude S
P[S] = the probability density of stress peaks
E[D] = the expected value of the uamage accumulated over time t.

Equation (2-10) may be evaluated in closed form if the following conditions are
satisfied: (a) the load frequency bandwidth is sufficiently narrow to assure that
fe may be evaluated, (b) the stress history is a stationary and normal (Gaussian)
process, (c) the fatigue curve can be represented by a straight line in log-log
coordinates, and (d) the probability distribution of the stress peaks P[S] is
known. When these conditions are satisfied,

ED J t j(V•"S)bC-(I + b~) ~ (2-11)EID] (V2Sb

where P represents a gamma function and C1 was defined by Eq. (2-3).
Because it is theoretically possible that peak stress amplitudes will approach

Infinity, the rms value of stress is frequently used to form a random logarithmic
S-N curve. The random logarithmic S-N curve, or logarithmic S-N curve, can be
defined by evaluating Eq. (2-11) at failure,

NSb . CI 2b/2p I + (2-12)

where S is the rms stress, .kt = N, and damage is unity. Root [20] applied
Eqs. (2-12) and (2-3) to develop a plot of the ratio of rms random stress to the
peak sine stress vs the parameter b, as in Fig. 2-8. Figure 2-9 provides a typical
comparison between logarithmic S-N and logarithmic S-N plots.

The Corten-Dolan Theory

Corten and Dolan [22,231 developed a nonlinear theory for the evaluation of
fatigue damage. The Corten-Dolan approach is based on the number of avail-
able damage nuclei and rate of crack propagation. The magnitude of the greatest
varying load is considered to determine both the number of nuclei and rate of
crack propagation. Equation (2-13) expresses the damage accumulation for the
i load level,

D1 = mirinaL, (2-13)

where
m = number of damage nuclei
r = rate of crack propagation constant
a = an experimentally determined constant exponent.
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Fig. 2-9. Comparison of fatigue lives for random and
sinusoidal loading [211.

The constants in Eq. Q2-13) are fixed for a specific load (stress amplitude in

a single-level test) and may vary for different values of load. Damage at failure
is considered to be unity, which leads to an expression for damage as a function
of cycle ratio:

(D1 i. (2-14)D (iNi ).
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Equation (2-14) is of little value because it only provides information about
the damage accumulated at one load level. When more than one load level is
applied to a specimen, e.g., two varying loads, the order of load application be-
comes important and the damage expression of Eq. (2-13) must be generalized.
Corten and Dolan performed the generalization by using the actual number of
cycles at each load level and by assuming that damage accumulated at the lower
level was influenced by the number of nucleation sites m caused by the higher
level load. Because of the use of the actual number of cycles at a low load level
instead of an equivalent number of cycles at the higher load level, it is necessary
[241 for the exponent a to be independent of load magnitude. The use of a load-
invariant exponent for the case of two different load levels leads to

Nh
NJ = Xh + RI/a(l-h) - (2-15)

where
Nf = the number of cycles to failure

N11 = the number of cycles at the higher load
Xh = the ratio of cycles at the higher load to the total number of cycles
R = the ratio of lower load to higher load crack propagation rates.

Equation (2-15) may be expanded to account for m sets of load history,

N Nh (2-16)
m

i I

where i refers to load history i, subscript h refers to the highest load, r is defined
in Eq. (2-13), and ?i is the ratio of cycles at load i to the total number of cycles,

Xi Nf" (2-17)

Corten and Dolan also asserted that a relationship existed between R and a
ratio of lower stress to the highest stress,

R = [ d (2-18)

where the exponent d was determined experimentally and one value appeared to
describe all the data for a single material and configuration in their experimental
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work. Incorporation of Eq. (2-18) into Eq. (2-16) leads to a generalized expres-
sion for life when several load levels are present,

Nf h (2-19)

1=1

The preceding development is based on an assumption that the damage nuclea-
tion cycle time is zero. Thus, all of the damage nuclei are created during the first
load application, and the number of nuclei is a function of the largest load.
Therefore, to apply the Corten-Dolan theory it is necessary to (a) identify the
largest load, and (b) have a suitable value of the exponent d as determined by
experiment.

When investigating 2024.T4 aluminum alloy, Swanson [25] found that the
Corten-Dolan theory predicts conservative life for low prestress conditions and
approaches correct life values at high prestresses. There are little data in the
literature which provide values of the Corten-Dolan exponent d, a fact also
noted by Gerks [261, and which limit the usefulness of this approach until values
of d are experimentally determined and available.

It is possible to rearrange Eq. (2-19) into a form similar to that of Miner's
hypothesis, Eq. (2-5), by using Eq. (2-17) and defining

N, N = Nh d (2-20)

with the result that

m

D ,ni (2-21)

1=1

When reviewing damage at failure, that is D 1, and comparing Eqs. (2-20)
and (2-21), it is apparent that the Corten-Dolan theory can be interpreted as a
Miner summation on a family of modified fatigue curves as defined by rewriting
Eq. (2-20),

S= NhS4 = C C , (2-22)

where C and C are constants selected to maintain the equality. The modified
curve is obtained by passing a straight line through Sh as shown in Fig. 2-10.
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THE CLASSICAL
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Sh APPROXIMATION

S

I THE CORTEN-DOLAN
FATIGUE CURVE

i APPROXIMATION

Nh N

Fig. 2-10. Corten-Dolan modified fatigue curve.

The use of a modified S-N curve will allow the application of the Corten-Dolan
theory to match that of Miner. There are two cases for which the Corten-Dolan
approach is identical to Miner's: when d = b, and when the stress spectrum con-
sists of monotonically increasing stress levels. In most cases, however, d < b
which gives a higher weighting to lower stress levels, or alternately, the pre-
dicted life would be shorter than the fatigue life predicted by Miner. Use of the
modified S-N curve with Eq. (2-8) yields

/"E ni'•i 11d

Se =jl (2-23)

for an equivalent stress.
As in the case of Miner's theory, the Corten-Dolan expression for life can be

extended to random load spectra.
The case of continuous spectra,

Nf f NS h (2-24)

0 h{(IS])d}d

is an expansion of Eq. (2-19).

Shanley I x and 2x Methods

Observing that fatigue crack growth tends to increase with crack depth and that
reversed slip due to cyclic loading may cause atoms in a material to progressively
unbond, Shanley (271 proposed an exponential relationship for crack growth,
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hi = A exp (ini) , (2-25)

where
hi = crack depth a load i caused by ni cycles
A = a constant
, = a factor dependent on load magnitude.

He further noted that the total strain e caused by a load consists of both elastic
and inelastic components,

e = 6 - + CSX, (2-26)

of which only the inelastic strain contributes to crack growth. The exponent x
was determined by curve fitting and represents the slope of a logarithmic S-N
curve. Use of the above expression for inelastic strain to represent 7 in Eq.
(2-25) gives the following expression for crack growth:

h,= A exp (CSXn,). (2-27)

The constant A was interpreted to represent an initial crack depth h0 (i.e., lvt
n= = 0 in Eq. (2-25)), which leads to the Shanley "Wx" theory defining crack
growth,

hi = he exp (CSXn,), (2-28)

where C is a constant.
Rewriting Eq. (2-28) in terms of critical crack depth, which is considered to be

a constant regardless of load amplitude, yields

hf = ho exp (CSXNi), (2-29)

where hf is the critical crack depth.
It can be seen that the S-N curve must be of the form

N1 = (Constant) (2-30)
S1 X

Thus, the Shanley theory predicts the nature of' the S-N relationship as well as
providing an approach to estimating cumulative damage, Damage is now defined
as a ratio of hi to hf,

A - exp CSi X -/ , (2.31)
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Shanley derived an expression ftr a reduced or equivalent stress which would
yild identical daumage over tile same total number of load cycles as the actual
load history. The expression for equivalent stress,

L k2'j I~x(21-32)
. nii lx

shows that all sLresses in the spectrum, when raised to the x power, are weighted
In proportion to their relative frequency of occurrence. The Shanley ix theory,
assuming a straight-line representation of the logarithmic S-N curve, will reduce
to a statement of the Miner theory summation and is considered to be equivalent
I N1]. The primary difference between the Shanley Ix theory and the Miner
theory is that Miner stated that damage was a linear function of cycle ratio,
whereas Shanley merely required the existence of a damage relationship.

Shanley further noteri that the Ix hypothesis did not seem to fit actual test
data well at large values of n. As a result he developed what is called the Shanley
2x theory by assuming that initial crack depth was a function of the magnitude
of the stress amplitude:

hi = ASiX exp (CSjxni) (2-33)

Use of Eq. (2-33) in the original derivation led Shanley to the 2x hypothesis.
The 2x expression for equivalent stress gives greater weight to the damage which
is accumulated at higher stress levels:

tii2x] 1/(2x)

Sen-"- (2-34)

This approach tends to bring the 2x theory into closer agreement with test data.
It should be noted that the exponent x used by Shanley and after which his
hypothesis is named, is in fact identical to the exponent b from Eq. (2-3). That
is,

Se (2-35)



A REVIEW OF CUMULATIVE-DAMAGE THEORY 21

which is identical to Eq. (2-34) with b substituted for x. The 2x theory (or 2b)
theory will predict earlier failure than Miner's theory.

When used for fatigue life predictions, Se is determined by either Eq. (2-32)
or Eq. (2-34), and x (or b) is derived from experimental data. The material S-N
curve is entered at Se to find the corresponding number of cycles Ne that may
be applied to the specimen where the load causes stresses above the endurance
limit. Fatigue life is predicted when Ne is multiplied by the total number of
cycles and divided by the number of cycles above the endurance limit for the
loading spectrum; that is,

NjI = ,V"(~L n (2-36)

where
nir = the number of cycles out of ni cycles in which the load causes stresses

above the endurance limit.

In a later elaboration [28] Shanley used data taken from rotating-beam tests
of 2024-T4 aluminum to compute the mean and variation of the ratios of:
(a) reduced stress (Eqs. (2-32) and (2-34)) to the observed stress at the same
total life, and (b) cycles-to-failure at the reduced stress to observed life at the
reduced stress. The results are displayed in Fig. 2-11 where the envelope of the
test load sequence was either sinusoidal or exponential. For this analysis, the
2x method yielded ratios closer to unity than the lx method. Very good results
were obtained in predicting equivalent stresses; however, life predictions show a
wide range.

The Shanley 2x hypothesis, Eq. (2-35) can be converted into linear summa-
tion form with a modified S-N curve in a manner similar to the manipulation of
the Corten-Dolan hypothesis on pp. 14-18. In this case,

m

-Dni (2-37)
i--1

where Ni* represents the number of cycles to failure taken from a modified
S-N curve defined by

N1  = N2 (2-38)Ne

The Shanley modified S-N curve is presented in Fig. 2-12. Comparison of the
-1/2b sloped line (Shanley 2x theory) with the -1/b sloped line (Miner's theory)
shows that stresses above Se are given heavier weighting and stresses below Se are

• ,irol Ii II II I I " ' ' " '" •="•! ' = •II I iNII ;l
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given less weighting for the Shanley theory
than for Miner's theory. The pivot-point b

location depends on the value of Ne which
(recall Fig. 2-11) is of poor accuracy. As s
a result the modified curve and Miner-type so ------- ?b

summation are of limited usefulness except I I
to indicate the relative weighting of stress
amplitudes. I

Ne

2.3 Cumulative Damage Processes N

Fig. 2-12. Modification of a basic
In addition to the three cumulative dam- S-N curve for use in the Shanley

age theories which were covered in the 2x hypothesis.
previous section, there are several other
theories which have been developed in an attempt to improve the accuracy of the
time-to-failure prediction methods. These additional theories in many respects
are similar to the primary theories previously covered. Several of them degener-
ate into a form identical to the Miner hypothesis. The superficial treatment
given to these theories in the section does not mean that they are less important;
it does mean that they have not been used extensively as a basis for vibration
equivalence modeling.

The remaining cumulative damage theories have been classified as linear,
nonlinear, and phenomenological.

Linear Cumulative Damage

The linear cumulative damage theories are based on experimentally determined
S-N data which must be gathered or already exists for various combinations of
material, temperature, geometry, and other suitable parameters as discussed in
Section 2.1. Linea" refers to the method of summing the fractions of consumed
life and does not mean that the damage process itself is linear, a point which is
sometimes misconstrued in the literature. A summary of linear cumulative dam-
age theory is provided as Table 2-1.

Nonlinear Cumulative Damage

Nonlinear cumulative-damage theory, unlike linear theory, is the result of
assuming that there is interaction between load history and damage. That is, the
amount of damage at any load level depends on both the magnitude and number
of occurrences of prior loads. These theories are usually valid whether or not it
is considered that equal amounts of damage are caused by equal fractions of life
for all stress amplitudes. A summary of nonlinear cumulative-damage theory
is provided as Table 2-2.
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Table 2-1. Linear Cumulative Damage Theories

Theory Features References

Miner Discussed on pp. 11 to 14, Miner's damage 7,13,14
summation is described by Eq. (2-5):

D n

i=1

where D is damage, ni is the number of cycles
applied at load i, and Ni is the number of
cycles to failure at the i load level.

Langer Documented prior to the Grover theory, 7
Langer presented the hypothesis that
fatigue damage consisted of a two-stage
process of crack initiation and crack growth.

Grover Similar to the Langer approach; Grover 29
divided the fatigue damage process into
stages of crack initiation and crack propa-
gation, and utilized definitive information
about the damage process that is neither
usually available nor easily measured. That
is,

Nf = Ni' + N,

where Nf is the number of cycles to failure,
N/ is the number of cycles at load level i re-
quired for crack initiation, and Ni is the
number of cycles required for a crack to
propagate to failure.

Shanley Discussed on pp. 18 to 22, the Shanley 27
lx theory results in an expression for fatigue

damage which predicts the S-N curve and
can be shown to match the Miner hypothesis.
Recall the relationship of Eq. (2-30):
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Table 2.1 (Continued)

Theory J Features 1References
Shanley Di = 1 ~N (n
(Continued) = exp CSXNI [ - 1}

where S1 is the stress amplitude at load i,
and damage was defined as the ratio of crack
length to critical crack length at failure.

Lundberg Describes the load history as a plot of varying 30
stress vs number of load applications where
the plot may be described as

N -- No exp (- QSI)

where No is the Sv = 0 intercept of a straight-
line logarithmic Sp vs N plot, S. is the varying
stress, and 9 is the slope of the loading spec-
trum curve. The resultant damage expres-
sion is

D =. No [J2-1r(s- I)exp (-Qse,)]
a

where a is the vertical intercept of the
logarithmic (Sv -Se) vs N plot at N = 1,
Se is the endurance limit stress, and s is the
slope. The number of cycles to failure is
found by Miner's summation using the actual
number of load cycles.

Valluri A hypothesis based on dislocation theory 31
and plastic deformation at the tip of a
crack. Crack growth is assumed to expon-
entially increase with the number of stress
cycles:

hi. = ho exp-[n(Y]n
' ho. N '

with h0 determined using Griffith crack
theory, and damage defined as
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Table 2.1 (Continued)

Theory Features R frmnts

Vallurl D w
(Continued) hft- ho

using hf as the crack length at failure when
nj/NI m 1.

Manson, Divided the damage accumulation process 32
Freche, into two stages: that of crack initiation,
and
Ensign

where No is the cycle life to initiate an effec.
tive crack-and for the crack propagation stage

where

N = AN + No

and

AN = PN0'6.

Pis a constant valued at 14 for SAE 4130
steel.

Sorenson An approach to complete generality in devel- 33
oping a linear theory of isotropic cumulative
failure, where the analytical model recog-
nizes experimental observations and previous
theory. The result is given as a time integral
of a suitable invariant function of the stress
tensor:

D1 R(S1)du,

where R(Sj,) expresses the instantaneous
damage rate accumulation function, and
failure occurs when D ; 1.
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Table 2.2, Nonlinear Cumulative Damage lteoorles

2 . I. ______Is RefIics
Corton4Dolan Damage summation is described by Eq. 22. 23

(2-13):

whlih relates damage to the number of
damage nuclei, rate of crack propagation,
and an experimentally determined
exponent,

Sharnley Crack growth is expressed mathematically 27. 28, 34
by hq. (2-32):

hi = ASi exp (CSj VIli)

Henry A complex procedure of S.N curve modifl- 35
cation based on the damage caused by in-
dividual loads. Requires knowledge of the
loading sequence, and a specialized mathe-
matical model of the S-N curve which would
fit only a narrow range of materials. That
is,

N = NO
(Sr - Se)

where the variables are defined as in the
Lundberg theory described In Table 2-1.

Poppleton An analytical theory based on the Corten- 37
Dolan theory (23] and work by Torbe
[361 for the case of a stationary Gaussian
stress history; no experimental verifica-
tion.
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Pilonominolla ical

A sumllary of phoI nlontloghl•QI fat'Iggue dallHiag, accull•¢l, t l1hO theio•y is
provided its Table 2.,, TIs category of cumulativw-damage theory Includes
hyptheses whlih mtly hle either linear or nonlinear. Thi tori p•/moh omeoloRloa
was applied becOause the theories wore based on observation and various attempts
to (a) describe failure boundaries based on these observations or (b) use the ob-
served information to modify basic S-N curves,

Tablo 2.3, Phenomenological Thoorles

Theo• ou, FeaturesJR ferms

Komers Ko rs assumed that dainage is a function of 16, 38, 39
both cycle ratio and the stresses associated
with varying loads, This concept was fur-
thored by the work of Richart and New.
mark, and Marco and Starkey. The latter
suggested that the shape of the damage curve
was defined by

where y Is a stress-level-dependent exponent.
Application of this niethod requires specialized
bilevel loading test data which are not
normally available.

Freudenthal Introduced a stress Interaction factor to 17,40
and Heller create an expression for a fictitious S-N

curve. The authors assume that

defined an observed stress interaction factor
I, and that N,* is the expected life at load
i as read from the fictitious S-N curve. The
concept of linear cumulative-fatigue damage
was applied using the fictitious S-N curve with
the following result:

D M '
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Tuble 2.3 (Continued)
7"hc'yFlaurms R ef!,renc'.,

l.vy A ratigu-lllo'e prodiction prowedu'o using 41
empirical constants •n oeach step of tho load.
Ing sequence, In thie form

+ ... L,..+M,lug Nf -a log / I\ o

where a, b, etc., and M are the empirical con.
stants and are functions of.N1, N2 , etc. Note
that the increasing index, 1, 2, etc., refers to
increasing levels of load. Use of this ap.
proach requires the collection of a significant
volume of specialized test data.

Head and Suggested a cumulative-fatigue damage rule 42
Hooke for structures under random load using

measured life data from discrete loading:

Ný- Le (I ý-,XP

where N- is the number of equivalent
random cycles, and X = S/S.

Eshlemen Presented a cumulative-damage expression 43
et al. for the life of a two-degree-of-freedom struc-

ture under random loading:

adP(xy)dxdy -'

•and
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Table 2-3 (Continued)

Theory Features References

Eshleman D - '\- nx, 1)
(Continued) D --- ' N.y-

using a Rayleigh probability distribution
to describe stress peaks in both the x and
y coordinates.

Parzen A theoretical cumulative-damage model based 44
on level-crossing processes was developed
where the random damage and random input
problems were both included. He assumed
that damage is a nonnegative random variable
associated with the application of load;
that is,

D ,Z Di(S)

for nonnegative identically distributed

variables. Thus

E[D] = LFL iED(~j

which is a very general statistical model.
Parzen's theory provides a stationary ran-
dom model of the number of stresses exceed-
ing some level, with which the damage per
cycle may be estimated.

Gatts An early attempt to base fatigue failure 45, 46
on strength using stress-strain relationships that
account for the change of material properties
with vibration history. The stress-strain
hysteresis loop was used as the phenomeno-
logical basis, damage was measured as a
reduction in the endurance limit and
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Table 2-3 (Continued)

Theory Features References

Gatts failure stress, and no damage was assumed to
(Continued occur at stress levels below the endurance

limit. That is,

D=0 for S<Se•

Also,

"n = 0, Se = (Se)A

n =N, S=SfN.

Gatts' theory presented a nonstationary
deterministic model based on hysteresis loop
area, assuming some given relationship for
the reduction in strength (damage) as a
function of vibration history.

Kozin and Created a general theory of failure based 47, 48
Sweet on the work of Parzen [44] and Gatts

[45]. Damage was assumed to be a non-
stationary random function of the irre-
versible work input for which the average
damage per cycle was empirically established.
The parameters involved are the stress-strain
hysteresis loop area, number of cycles to
failure, and rate of change of hysteresis loop
area as a function of stress level. The
damage after j cycles of sinusoidal load is

m

Di D(A,)i

where D(Ai)j is the random damage due to
load cycle j at load level i. The fundamental
expression of the Kozin theory is
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Table 2-3 (Continued)

Theory j Features References

Kozin
(Continued) E[D ={E L(A j'1

where K * is a constant depending on the
material, Ni is the number of cycles to failure
at load level i, and (Ai)i is the hysteresis
loop area after load cycle i at load level i.



CHAPTER 3
CUMULATIVE-DAMAGE EQUIVALENCES

3.1 Preliminary Considerations

Vibration equivalence based on cumulative-damage theory is assumed to exist
when two or more vibration experiences produce like amounts of damage in a
given specimen. All vibration experiences are assumed to cause damage, and the
relationship between vibration experience and damage must be known or
assumed.

The techniques of fatigue-life prediction and cumulative-damage equivalence
both draw on the concept of damage accumulation; however, there is a funda-
mental difference in objective. Fatigue theory is used to develop accurate life
predictions, whereas equivalence theory is used to compare the damage resulting
from different vibration experiences. As a result, the use of those equivalence
techniques based on the cumulative-damage concept to not relieve the designer
from his responsibility to verify that a specimen has adequate service life. The
objective of cumulative-damage equivalence theory is to provide techniques by
which test time and test type transformations may be accomplished once a
specimen is known to have adequate life.

This chapter provides a review of the cumulative-damage equivalence tech-
niques. It was indicated earlier that the cumulative-damage equivalences are

., valid when a predictable relationship may be defined between load amplitude
and the number of load applications that produce failure. For fatigue processes
the prediction relationship is an appropriate S-N curve. For the wearout proc-
esses it is another relationship which may have characteristics similar to the
characteristics of the fatigue process relationship.

The most valuable aspect of the cumulative-damage equivalence techniques
is that they provide a method to change test time as a function of vibration am-
plitude. They arealso valuable as a design tool which may be used to form a com-
parison between two or more different vibration experiences on a damage basis.

Damage Mechanisms

Two types of damage are modeled by the cumulative-damage equivalence
methods. The first type of damage is material fatigue damage. If the application
of suitable failure criteria to a specimen indicates that structural fatigue life is
the limiting design parameter, then the cumulative-damage equivalence techniques
may be used directly. The second type of damage is wearout. Wearout damage
results from those mechanisms, such as wear, friction, and fretting, which con.
sume some usable portion of specimen life and which may be attributed to

33



34 FtIVA LNT,. 'I;"CTI I NIQLJ.'S IFOR VIIIIATION TFISTING

vibrat ion oI' tihe specilmen, Otlher wearout processes such as corrost.cn, weather.
ing•, radlI I oIt damiiage, chemical change, and abuse, are consigned to the problem

I (lech•u•el life prediction,
Vilra b dll a•cd ted wealrout damage will appear in one or a combination of'

three forms,
Fhlst, ia woaroutl process may be level sensitive and cause damage only above

a definiod load threshold. An example would be a bolted connection in which
friction prevents relative motion between the joined elements until a defined load
threshoMld is exceeded. Threshold wearout processes are usually treated by sum-
mting the damage produced by those load excursions which exceed the damage
threshold,

Second, a wearout process may be sensitive only to thie number of load repe-
titions, regardless of load amplitude, in a irange of load amplitudes that bound
the expected service or test load conditions, Certain types of wear and fretting
fall Into this category. Repetition wearout equivalence exists when the number
of load applications under one set of circumstances equals the number of load
applications under another set of circumstances.

Third, a significant number of damage-producing wearout processes have
characteristics which Imitate the material fatigue processes. These general
wearout processes occur when there is a definite relationship between load
amplitude and the number of load applications that produce specimen failure.
This wearout process finds application in those instances where a complex
specimen cannot be accurately modeled, yet it is known or suspected that a
load-vs-life relationship exists. The actual damage mechanism is undefined, al-
though it may be entirely wearout or a combination of wearout and fatigue.
Once the general wearout process for a specimen is characterized by a load vs
N relationship, the wearout relationship is used to form a vibration equivalence
in an identical manner to the fatigue processes.

Information on the general wearout process does not appear frequently in the
literature, Harris and Crede [49] indicated in 1961 that failure curves for elec-
tronic equipment subjected to varying levels of vibration are similar to the S-N
curves for metals.

Figure 3-1 provides a summary of the cumulative-damage processes which are
used to form vibration equivalence.

Load-vs-Life Relationships

A luad-vs-life relationship is an expression of the fatigue or wearout life of a
specimen aG a function of load magnitude. An example of a fatigue load-vs-life
relationship for a simple specimen would be an S-N curve which was derived from
rotating-beam test data. Fatigue data in the form of S-N curves are distributed
throughout the literature and are relevant to many specialized combinations of
material, specimen configuration, and loading technique. Most of the available
?.> igue data are of the rotating-beam type, whereas fatigue data under axial
loading are frequently required and are of more interest '50]. The prime
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SCUMULATIVE DAMAG
PROCESSES

FI

THRESHOL REPETITION GENERAL

Fig. 3-1. The cumulative-damage processes.

characteristic of a load-vs-life (or S-N) relationship, which is used in forming a
cumulative-damage equivalence, is the slope of a plot of the relationship made to
logarithmic scales. The reader is cautioned that the selection of an appropriate
slope involves the consideration of several factors.t

Although fatigue damage is caused by every stress cycle, the majority of dam-
age has been found to accumulate in narrow frequency bands centered on the
specimen resonant frequencies [491 . As a result of this fortunate occurrence, it
is possible to simplify the formulation of vibration equivalences by considering
only the damage accumulated at the specimen resonances.

For a single degree of freedom (SDF) linear system, that is, where stress is
proportional to load by a constant ratio, specimen life may be described in terms
of either specimen response or specimen excitation. Assuming that an applicable
S-N relationship exists which has a constant slope b over the range of stress am-
plitudes of interest, Eq. (2-3) may be restated in terms of specimen response. Thus

NSb = Tf' (AV7' C1 , (3-1)

where T is the time to failure at a specimen's response acceleration amplitude
Vi, iis the response frequency, and A is the constant of proportionality between
V and stress.t In practice the following form is often more convenient:

TVb = C2 , (3-2)

where C2 must be found experimentally.

t As described in Chapter 2 the S-N curve is influenced by the type of load (torsion, bending,
tension), the ratio of alternating to mean stress, temperature, stress concentrations, the
degree of stress reversal, and perhaps the cyclic rate of loading.

$As an example consider a simple cantilever beam excited by support motion. The maximum
bending stress is found from S = Me/I = A V, where M is developed by considering inertial
forces. Thus M = Wn Vg6; where hi iepresents the beam mass concentrated at the center of
gravity and located jT distance from the foundation end of the beam. It is now possible to
write the desired expression A F n;e/Li
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It is possible to restate Eq. (2-3) in terms of the specimen excitation accelera-
tion amplitude V, instead of the specimen response acceleration amplitude V.
Thus

NSb = Tfi[AH(fi)Vi]b = C1 , (3-3)

where the subscript i refers to the conditions at frequency i, and H(fi) is the
specimen response amplification factor at .f. Equation (3-3) may be specialized
for the linear SDF specimen excited at resonance,

Tfn(AQV)b = C1 , (3-4)

where Q represents the specimen resonant transmissibility.
Additional yet necessary complexity is introduced when a proper H('J) must

be selected for use in Eq. (3-3). The additional complexity arises when H(fi), or
perhaps Q in Eq. (3-4), is not constant but varies with V in addition to frequency.
For example, it is often observed that the measured amplification ratio of a
specimen decreases with increasing V. This change in specimen response is
caused by specimen damping and stiffness properties. The effects of damping
and stiffness will be reviewed; however, it is important to note that an amplifica-
tion factor which was found experimentally may be conservatively viewed as
constant over a narrow range of increasing V,t perhaps up to 2 V or greater de-
pending on the specimen.

Another load-vs-life relationship was described in the previous section as the
general wearout damage process. This process is characterized by a relationship
between either excitation or response acceleration amplitude and N. The V-N
curve for a specimen, assembly, or system would be formed using data taken from
service history or generated under controlled laboratory test conditions. The
actual failure mechanism may change as a function of acceleration magnitude
and excitation frequency. That is, several failure mechanisms are usually present
in a complex specimen. Only one of them is the primary source of failure under
a given set of excitation (response) amplitude and frequency conditions.T

General wearout damage data are usually more specialized than fatigue damage
data because the actual damage mechanism may be unknown. As a result the
data are valid for a single configuration of a specimen, and the data may nlot be
generalized to encompass a group of similar specimens unless sufficient data
exist to support the generalization. A V-N relationship based on excitation am-
plitude is needed for each predominant frequency-dependent failure mechanism.

tThe use of a constant amplification factor with decreasing V must be questioned, as
I(Fj) may increase as V decreases,

$At a given excitation frequency a specimen may accumulate fatigue damage. At anr
excitation frequency the same specimen may be subject to wear or fretting. A d"
damage accumulation criteria would apply at each frequency.
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The formulation of a general wearout equivalence would involve a damage sum-
mation using as many individual V-N relationships as are needed at each significant
response frequency over the frequency range of interest.

A V-N relationship based on response amplitude may be found by direct
measurement in the laboratory and used to form a vibration equivalence. A
V-N response amplitude relationship is developed in two steps. The first step
is to select one or more locations on a specimen where specimen motions reflect
specimen excitation over the entire frequency range of interest. The second step
is to correlate N with the measured response levels. The resultant response
amplitude V-N relationship is used to characterize the specimen, and equivalence
between different excitation spectra may be based on specimen responses to the
different spectra.

3.2 Test Time Scaling

Vibration-equivalence time-scaling techniques provide the environmental engi-
neer with a valuable tool which may be used to decrease test time. These tech-
niques are also used to form a comparison of the relative severity of different
vibration experiences by scaling each vibration record to the same time duration.
In addition, for the situation in which a distribution of vibration levels is en-
countered in the field and it is desired to simulate the field vibration by a single-
level test, the environmental engineer may use the time-scaling techniques to de-
sign a test at the maximum field level. Such a test would provide field vibration
simulation and avoid level enhancement.

The time-scaling techniques are presented with the presupposition that the
slope b of an appropriate S-N curve is known. It shall be assumed for simplicity
that if a wearout process is used instead of a fatigue process, the slope of an
appropriate load-vs-N curve may be substituted for the exponent b in each
relationship.

The time-scaling practices were established by maintaining constant cumula-
tive damage between various tests. The resultant time-scaling techniques are thus
valid for maintaining constant fatigue damage, and the application of these tech-
niques does not insure equality among other paramete s of the specimen. For
example, if an accelerated vibration test, i.e., a test performed at higher excita-
tion levels for the purpose of reducing test time, were applied to a mechanism,
the mechanism might not function properly during the accelerated test. Such
a circumstance is not a limitation, providing the tested mechanism is not damaged
by the higher level excitation. The environmental engineer may elect to test the
example mechanism in two steps. First, a reduced-time, high-excitation-level
test would be performed which determines the ability of the specimen to endure
the accumulated damage. Second, a test would be performed at nominal excita-
tion levels (usually following the endurance test), during which the mechanism
would be energized and its performance evaluated. Such a situation is depicted
in Fig. 3-2. Curve a represents a stress (load) level which will cause a temporary
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functional degradation of the speci-
men, whereas curve b represents per-
manent degradation. The endurance
test would be performed anywhere in
the region below curve b, and the per-

S formance test would be performed at

bb levels below curve a; all to the left of
the intersection of the two curves. A
two-level test would be unnecessary

a-OPERATIONAL DEFICIENCY in the region to the right of the inter-
b-PERMANENT DEFICIENCY section.

N In some instances the environ-
Fig. 3-2. Specimen operational limitations, mental engineer may not be able to

specify a vibration test level which will
achieve a desired reduction in test

time. The higher excitation level would be unachievable if the specimen fragility
level were below the desired acceleration excitation level. When the excitation
level of a specimen is limited, the environmental engineer may choose one or
more of the following options:

1. Test at a lower excitation level and accept the increase in test time.
2. Allow the sensitive component to fail during the high-level test and refurbish

prior to low-level performance testing.
3. Run the high-level test with the sensitive component replaced by a dy-

namically similar dummy component which is not level sensitive. The dummy
component would be replaced by an actual component prior to low-level perform-
ance testing.

Options (2) and (3) are valid approaches if sufficient data are available to
demonstrate that the level-sensitive component will withstand the total unac-
celerated vibration history at its location on the specimen.

The following discussion covers the scaling of test time in which the type
of test is held constant. Specific test types covered are (a) sine dwell to sine
dwell, (b) sine sweep to sine sweep, (c) multiple sine dwell to multiple sine dwell,
and (d) random to random. Changes in test type, e.g., sine sweep to sine dwell,
etc., are covered in section 3.3.

Simple Spectrum Equivalence

The conversion of a single-frequency,.sinusoidally varying load at one load
amplitude to another load amplitude at the same frequency is the least complex
equivalence computation. However, when performing this computation the
environmental engineer must recognize the existence or nonexistence of damping
and specimen response linearity characteristics.

Two primary assumptions are inherent in the procedure for changing the test
time scale. First, it is assumed that the most critically stressed area has been
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located and that the stresses in this area can be estimated with suitable accuracy.
Second, it is assumed that a single S-N curve exists which will characterize the
most critically loaded (stressed) area of the specimen.

Sinusoidal Dwell Equivalence. Starting with a linear, undamped, SDF
specimen where the critical stress Sc is related to specimen response P, the ap-
plication of Eq. (3-2) yields

T1V1 = C2 = T2 V2

or (3-5)

V2 =VI ,

where the subscripts I and 2 denote the original and sought response levels,
respectively, and the relationship

= (original time) = tl= (3-6)(sought time) = t2  T2

represents the desired ratio of original vibration time to test time. The time ratio
tR is now seen to hold the same relationship between the original and sought
time durations as exists between specimen life at the corresponding stress levels.
The item T is determined by dividing the number of cycles-to-failure at the
corresponding response level stress by the test frequency. That is,

TI - a 2 N1N 2fl n,2 f2'

or, when the frequency is held constant,

tR N 2 '

which is the case for simple time-scaling equivalence.
The application of either Eq. (3-3) or (3-4), which relate specimen critical

stress and specimen excitation, to the same linear, undamped, SDF specimen,
provides

V2= V1 t/b, (3-8)

which is identical to Eq. (3-5) except that the former is expressed in terms of

specimen response, whereas the latter relates the excitation levels.
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Damping, Damping dutle lther to tile properties of' thle Speclien materials or
to the techniques of' sxchimen construction causes anl observed redul, ion of' rela.
tive response amplitude with increased excitation amplitude. Damping is classically
described its viscouLs, Cooulomnib, or a Comnbination thereof, Viscous (lin plng occurS
when the amount ot energy absorbed by the specimen Is directly proportional to
the relative velocity between the responding portion of the specinien and the
portion of thie specimen which is being acted upon by a force, Coulomb damping
is frequently referred to its friction damping aind the orleigy absorbed is pro.
portional to the relative displacemoent between the respoonding and excitod por.
tions of the specimen.

The type of damping may be determined experimentally by plotting the suc-
cessive displacement swings of the specimen, following excitation, when the
motion is allowed to subside on Its own accord. An exponential decrease In the
magnitude of' the swings indicates that only viscous damping Is present, whereas
a linear decrease indicates that only Coulomb f'riction is present, When both
forms of damping are present the plot will at first show an exponential decrease,
with the decrease becoming linear as the motion subsides, It is interesting to
observe that the natural frequency of a free vibration with viscous damping Is
reduced by a small amount, whereas Coulomb damping causes no change in the
system's natural frequency.

The effects of viscous damping on an SDF system are easily visualized by
plotting the ratio of response acceleration to excitation acceleration (or response
displacement to excitation displacement) against the ratio of excitation frequency
to specimen natural frequency. Such a plot is given as Fig. 3-3 where " repre-
sents the ratio of specimen damping to critical damping.

The presence of' Coulomb friction greatly complicates the analysis of the
steady state response of a specimen as produced by an alternating force, especially
if the frictional forces are large enough to cause halting of the relative motion
between the forced and responding elements of the specimen. In general, when
the frictional forces are small compared to the applied forces, continuous motion
will result with the response amplitudes theoretically approaching infinity at
resonance. It was shown by Den Hartog [5 11 that the critical ratio of frictional
forces to excitation forces is 7r/4, That is, when the ratio of frictional forces to
excitation forces exceeds the value 7r/4, discontinuous motion will result and
halting will occur. The reader is directed to Den Hartog's work for a detailed
treatment of this subject.

The general qualitative characteristics of material damping have received
considerable attention, with results which are important to the formulation of
vibration-equivalence techniques [49]. In particular, Lazan [52] related the
resonant amplification of a specimen to the strain energy Us and dissipated
energy Ud under forced vibration as

Ud (3-9)'" Q- Ud"
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The strain energy is proportional to the square of stress, anid thlus it is propor-
tional to the square of vibration response. The energy dissipated in the speci-
men due to damping Is also related to the stress level as

Ud = Cs11 3-0

where the factor C is constant for a given material. The data generated by testing
a large variety of structural material were tabulated and plotted. These data were
found to lie within a definite region, as shown in Fig. 3-4. A plot of'a "typical"
viscoelastic adhesive material data anid a plot of a large plastic-strain damping
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mhaterial (Iota woro included to show thoe tffects of' large damping. A structural
material is one which does not have significatit piastio-st rili damping, nor
signifleant magnotoohistic dam11ping. It is Im1portunt to observo thot 1th0 struc~tural
m~aterials oxhibit a mea111 Slope or n w '2.4 tip to stross levels which roeprosont go%
of (two conventional onduruaceleo-vol Mtoms At this point the valuo it 8 or
nearly ropresonts the mean of the data distribution,
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Equation (3-9) may be rewritten as

Q = A[y]V. (3l)

where the constant A is sensitive to a specificset of geometric, material, and
stress-pattern factors for a specimen. As a result, A will assume different values
for each response frequency of a specimen, a fact which Indicates that there may
be no constant relationship between Q and the response frequency unless the
specimen is viscoelastically damped. In this case Q is a function of A only, a
factor important in the selection of sweep rate in sinusoidal sweep testing.

The effects of structural damping become clear when Eqs. (3-4) and (3-li)
are combined:
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Vto , (3.12)

where the value of n may vary from 2 to 8, with n a 2.4 being the preforred value
for structural materials when the stress levels are no more than 80% ol' the on-
durnaio stress,

Linearity. As suggested at the beginning of this section, specitmen response
linearity characteristics will have an effect on the formulation of an equivalence,
A nonlinear specimen will exhibit changes in response not related to excitation
levels by a constant ratio, Irrespective of damping, For solutions to the linearity
problem we may look to nonlinear vibration theory as a source of" techniques to
predict the behavior of a specimen. Such theory will provide exact solutions for
cottain specialized cases involving free vibration; however, exnct sOlutions for the
forced vibration of nonlinear specimen are virtually nonexistent. An exception
would be those specimens which can bc represented by a stepwise linear model.

The two fundamental nonlinearity models are the hardening model and the
softening model. These models are illustrated by Fig. 3-5a. The hardening model
Is one which tends to resist displacement with a restorlag force which increases
more rapidly than the displacement. The reverse situation is called the softening
model. The effects of hardening and softening on the frccly vibrating specimen
are shown in Fig. 3-5b. In Fig. 3-5b it is seen that the system resonance fre-
quency decreases with increasing displacement for the softening model, and
Increases with Increasing displacement for the hardening model. A hardening
system with damping is shown in Fig. 3.5c. As in the case of the linear system,
damping defines the resonance response amplitude.

The effects of specimen nonlinearity are often observed In the vibration labora-
tory. For example, a specimen may be subjected to a low-exditation-level,
sinusoidal-sweep vibration for the purposes of recording resonant response fre-
quencies. Next, the same specimen may be subjected to a higher excitation level,
sinusoidal dwell at one resonance for evaluation purposes. If the specimen is
nonlinear, it will be observed that the excitation frequency which produces
maximum response will no longer coincide with the resonance frequency deter-
mined by the low-level sinusoidal-sweep test.

The occurrence of specimen nonlinearities, when recognized, may be accounted
for by one of two approaches. First, the specimen stress vs excitation ampli-
tude may be experimentally recorded while the excitation frequency is held
constant. In this case the vibration equivalence would be formed on a stress
basis directly,

S2 = SatR 1. (3-13)

The second ipp,. -ch wii. Id be to adjust the excitation frequency to match the
maximum respoaIse freq' ency of the sp^ccnen and to scale the test time accord-
ingly. In this case, t2 must be corrected and the scaled test duration would be
computed as
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Fig. 3-5. Nonlinear characteristics.

t2 = t2- ,(3-14)
f'2

where t2 is the corrected test duration, f2 is the response frequency at the
higher excitation level, and fI is the response frequency determined by the lower
excitation level test.

Sinusoidal Sweep Equivalence. The next most simple time-scale equivalence
is performed on the sinusoidal sweep test. That is, to effect a change in test time
by varying the number of sinusoidal sweeps and the test excitation level. It is
assumed that the specimen is an SDF system and that the original sinusoidal sweep
test was properly designed [53]. The duration and level of a sinusoidal sweep
test are scaled as in the case of the sinusoidal dwell test, the exception being that
tR is found by the ratio

original number of sweeps
desired number of sweeps
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Further parametric manipulations may be possible, that is, changes in sweep
rate; however, such manipulations are complex and involve several variables. A
certain number of cycles of excitation is required at resonance to allow the speci-
men to develop full steady state response. A variation of excitation frequency,
as in a sinusoidal sweep test, produces a given number of cycles in the region of
each resonance. Each region of resonance is usually characterized by the half-
power bandwidth B, as shown in Fig. 3-6. Full steady state response of a speci-
men subjected to a sinusoidal sweep test may be expected only if the sweep rate
is sufficiently slow as to allow a full response buildup within B. Such factors as
sweep direction, sweep rate, natural frequency, sweep method, and damping
have importance in determining specimen response to swept excitation. One
approach, as proposed by Cronin [54] , provides a good approximation of maxi-
mum steady state response in terms of a sweep parameter s. If X represents the
ratio of resonance response buildup to steady state response, then

1
X l = 1 (exp 2.86s-0. 445 ) (3-16)

where

A 2
S-L-- Q f (3-17)

B2  f

and fis the absolute value of the time rate of change of frequency through B. In
addition, the sweep excitation causes a specimen to achieve maximum response at
higher frequencies on increasing frequency sweeps, and maximum response at

A
VMAX

t,T2 VMxf, I

zo I
0.
(f I

EXCITATION FREQUENCY
Fig. 3-6. Half-power bandwidth B defined.
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lower frequencies on declining frequency sweeps; the amount of offset being a
function of the magnitude of f [55] . A method which is used to change sweep
rates is discussed in Section 3.3.

Complex Spectrum Equivalence

The conversion of a field or laboratory vibratory excitation which consists of
several discrete sinusoidal excitation frequencies, or one or more random excita-
tion spectra, defines the next level of complexity in test time scaling.

Several Sinusoidal Excitations. The excitation of a specimen by a sequentially
or simultaneously applied group of single-frequency sinusoidal excitations may
be used to represent field vibration conditions. The field excitation spectra may
encompass a wide range of excitation frequencies. However, the specimen will
tend to respond to this excitation within narrow frequency bands, each centered
about a resonance frequency. Although fatigue damage accumulates at all stress
cycles, the error in assuming that damage occurs only within the half-power band-
width B is less than 3%. As a result, the time scaling of a field or test condition
is carried out considering only the damage accumulated at each resonance.

A usual assumption which accompanies the following equivalence practices is
that each resonance acts independently of all other resonances. This is a reason-
able assumption provided that sufficient frequency separation exists between the
response frequencies. If there is insufficient frequency separation, the influence
of one response on the other may appear as shown in Fig. 3-7. This figure
shows a typical response acceleration vs frequency plot for a specimen which has
two resonances with significant interaction. The solid line indicates the measured
response. The dashed lines show the responses at each resonance, where the
specimen was allowed to respond independently. The distortion of B is an im-
portant mource of error for the sinusoidal sweep test (recall Eq. (3-17)). How-
ever, this resonance coupling introduces very little error in the simple sinusoidal-
dwell time-scale equivalence computation.

AVMAX

wA
VMX/

z
0(.

"% ERROR * - (100)

EXCITATION FREQUENCY

Fig. 3-7. Distortion of B due to adjacent resonance.
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The time-scale modification of a field or laboratory excitation record, when
that record is composed of more than one discretc frequency of excitation, con-
sists of scaling the excitation bond separately at each frequency, as described
on pp. 38 to 46. The resultant equivalent test would be described by a revised
set of excitation levels and a corresponding excitation time at each level.

A variation of excitation level at any one discrete frequency is frequently
observed in the field. Time-scale modifications may be accomplished by comput-
ing an effective stress Sc and then performing a time-scale modification based on
the effective stress. The equations for effective stress are repeated below for
convenience.

Miner's method

[ niej/ (2-8)

Corten-Dolan method

Se = nd d(2-23)

Shanlev's 2x method

Se n Th (2-35)

The Shanley theory yields the most conservative result. The corresponding time
at the effective stress is

Ce nf (3-18)

Random Excitation. Frequently a sinusoidal dwell, or multiple sinusoidal
dwells, occuring at different frequencies will not duplicate a field condition with

IL Iu •" •
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,kdtahl'le c'.rtty, III this cIIse u rVtnd(n vibration loading is used to achieve a
tolur% reItalistit tesl. Once an original random spectrum is dellned or assumed, an
equlvalent rawdom test may be desired which is moditied in level to achieve a
change In lest trhne, 'rihe Qnvironmnentul engineer may also wish to convert a
serios olr field experiences, which vary only in energy level, to a single-level
eCulvaleut spectrum. The time scaling of a stationary random-vibration test is
handled in much the same nmanner as the time scaling of the single-frequency

iMnusoldul-dwell test. In this case the rms stress level is defined by

Sý = C,[j,;1QW(u)I0,5, (3-19)

wncre I(tN) represents the excitation spectral density in the bandwidth of
specimen resonance.

In the preceding development of random-excitation time-scale equivalence it
was assumed thiat the random process was stationary, that is, the energy distribu-
tion vs trequency envelope was constant with time. It was also assumed that the
excitation and response were Gaussian processes. As noted by Smits [56] , a
ri-Gaussian randonuloading history or test input are poorly understood
stochastic processes. Narrowband nongaussian processes may be approximately
cluIrcteriCed by features such as the average frequency of mean level crossings
and crest distribution. More verified research is required before reliable models
may be selected for equivalence purposes. The use of the Gaussian probability
density function is deflnded by Poppleton [371 and others, who note that many
important structural inputs appear to be good approximations of a Gaussian
process. Further, there is a large body of literature concerned with the Gaussian
dist1ribution, and a Gaussian random-noise generator is a convenient excitation
source for the elect ro magnetic-vibrat ion testing machine.

Tinie-Scaling Practices

Table 3-1 is provided as a summary of the vibration equivalence time-scaling
techniques developed in Section 3.2.

The assumption that a single energy level and time scale change which will pro-
duce an equivalence test simultaneously at each individual response frequency, for
a specimen which responds at several frequencies, is usually not valid. As a result
it is necessary to identify all potentially critical sections of the specimen. A test is
then designed which will produce equivalence for one or more critical sections, and
which will undertest the remaining sections. For a linear specimen with no damping,

W(.;) 2 = W(A.)I tRI/b (3-20)

or

,(=')2 W(=;')ItR (3-21)

where W(]) and W(fi) are the excitation and response spectral densities,
respectively.
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Damping is accommodated in a manner similar to that which was employed
for the single-frequency sinusoidal dwell, except that Eq. (3-19) is used to define
the stress level that will result from W(•j). As a result, for the linear system,

n/bW(fi)2 = W(.fi t/R • (3-22)

Should the specimen exhibit a nonlinear response at the frequencies which elicit
the critical stresses, the scaled test duration should be corrected as described by
Eq. (3-14).

3.3 Change-of-Test-Type Equivalence

Preliminary Comment

In addition to developing and using equivalence procedures to design tests
which have been time scaled for convenience in laboratory testing, the fatigue-
based equivalences have been used to equate various test types for comparison
purposes. Change-of-test-type equivalences are also important to the product
designer. They enable him to predict how his design will react in an application
involving a new dynamic environment if he knows how the design responded to
some other dynamic environment.

There are a few general observations which may be made relative to the change-
of-test-type equivalences: (a) there is a need to have these equivalences, (b)
various theories have been developed to provide sets of equivalence relationships,
and (c) there are very little reliable data available which may be cited to sub-
stantiate the equivalences. The lack of proven substantiation is unfortunate;
however, the need for change-of-test-type equivalences is persistent and this
need is expected to stimulate a continued search for reliable change-of-test-type
techniques.

The remainder of this section covers basic work in change-of-test-type
equivalences and ends with a tabular summary of the resultant equivalence
relationships.

Miles

The change-of-vibration-test-type equivalence was probably first considered
by Miles [57] in 1954. Miles noted that there are three basic subsets of the gen-
eral problem of determining the stresses in a specimen and the consequent pos-
sibility of fatigue failure: (a) the statistical description of the original loading,
(b) the statistical description of the dynamic response of the specimen to the
applied loading, and (c) determination of the probability of fatigue failure as-
sociated with the response.

He assumed that the specimen was an elastic structure, that it could be repre-
sented by a lightly damped SDF oscillator, and that the specimen response has
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sharp frequency selectivity associated
with resonance. The frequency response RESPONSE

characteristics of the narrowband oscil- ..
lator are illustrated in Fig. 3-8. INPUT

Both the linear cumulative-damage 0 /
hypothesis of Minri and the nonlinear . /
hypothesis of Shanley were considered. /
The Miner hypothesis was selected be-
cause Miles concluded that the Shanley
theory leads to insignificant changes in FREQUENCY
life relative to the Miner theory when Fig. 3-8. Response of a narrow-band-
stress amplitudes are distributed continu- width oscillator to a wideband input.
ously over a wide range. The Miles ap-
proach involved the selection of a single sinusoidal stress level which would pro-
duce the same fatigue damage as a random load spectrum. The resultant
equivalent stress equation is

kcF 1/(ka)

Se l 1 (3-23)

where the function ka is a constant determined by test or derived from an as-
sumed mathematical model of the stress field. The assumed mathematical model
may or may not make reference to a material S-N curve. If k = 1 and a = b or d,
the expression would equal those of Miner or Corten-Dolan, respectively. The
Shanley theory is duplicated when k = 2 and a = b. The range of k is imprecisely
defined but probably does not exceed 2. Equation (3-23) was applied by Miles.
He assumed a narrowband continuous stress spectrum to provide an expression for
the probable equivalent stress,

fkap(S) 1/(ka)

Se , (3-24)

fPs)ds

which was integrated for a lightly damped SDF oscillator (as shown in Fig. 3-9)
to yield

Se (s-2)11z la + 1 .(ko) (3.25)

[r(
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And, assuming the Rayleigh distribution for

K c

P(S) = 0.Ss exp . (3-26)

tF Miles then simplified Eq. (3-25) by the use of

Fig. 3-9. An SDF oscillator. Stirling's formula to approximate the gamma
function,

Se -(rkOlI/(2k)( eS (k/ e)' Y (3-27)

where e is the base of Naperian logarithms and small terms are neglected.
The preceding analysis led to the central result of Miles' work where he related

an equivalent stress to the stress produced by a static loading of the resonant
structure with an rms force F,

Se , / kar wooW[F] 0.5SO376 F - (3-28)

where

wo = the resonant frequency of the structure
So = the stress resulting from a static load application of the rms force F

6 = the ratio of structural damping to critical damping

W[F] = the power spectral density (PSD) of the force in the neighborhood of
resonance.

This relationship was applied to two cases. The first was the case of a mono-
tonically decreasing load (i.e., W[Fd] decreases as frequency increases) of the
form

W[FdI 2( 2 J )exp [ o(\21 (3-29)

where subscript d refers to the decreasing load spectrum, and WI is the charac-
teristic frequency usually selected as the frequency at the half-power point. The
second case was a load spectrum of the Gaussian form which exhibits a peak at
some angular frequency corn, as given by

W[Fp] 4P • exp - , (3-30)

where the subscript p refers to a peaked or Gaussian spectrum.
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Of the preceding expressions for the monotonically decreasing load and the
peaked or Gaussian spectrum, probably the peaked spectrum is the most repre-
sentative random load distribution encountered in service. The corresponding
stress ratio for the monotonic load is

e =2 ( LVWoY) exp ['> (3-31)

and the stress ratio for the peaked spectrum load is

Se - (O0 2exp [ l(7w0)2" (3-32)SO \e T \ W 2 1e] L-tl

The corresponding upper bound on stress ratio for the peaked spectrum was com-
puted by Miles to be

;- -nax - 0.51 [ka. (3-33)

The use of typical values (oa = 10, k = 2, and 5 = 0.02) yields Se/S0 = 16.

Spence and Luhrs

Spence and Luhrs [58,60] extended the Miles analysis by developing a
method by which different random or combined random plus sinusoidal vibra-
tion excitations may be compared. In the Spence and Luhrs derivation, sub-
stitute sinusoidal vibration excitations were developed based on the response char-
acteristics of a single resonator system, and amplitude and time relationships
were based on the usual appropriately selected S-N diagrams.

The Spence and Luhrs analysis utilized an expression for the amplitude prob-
ability distribution of a combined constant-amplitude sine wave and Gaussian
signal with Eq. (3-24). The result was an expression for the equivalent sinusoidal
stress in terms of a combined rms sinusoidal and random stress

ka/ r) I-k - /(kcz)

Sc C2 +r y2 L 2 a/ (i! 2 ) ja
where

Sc= the combined sine and random stress of the form
2 -2 -2 (3-35)

Ss= rms sinusoidal stresv
r= rms random stress
r = the ratio of peak sine to rms random stress
i = the summing Integer
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Equation (3-34) was evaluated by the following manipulations. First, it was
noted that ka/2 was restricted to integer values during development of the
equivalent stress equation. Second, the weighting factor k was considered to
range between the value of I and the conservative Shanley limit of 2 127]. Third,
the relationship between a and the slope of the linear portion of an S-N diagram
was defined as

a = b (3.36)

in accordance with the definition of b per Fig. 2-6. Fourth, the fatigue relation-
ship of Eq. (3-34) was related to an actual dynamic system by assuming that the
response of a single resonator would constitute a suitable mathematical model for
fatigue failure in an actual specimen,

Vsde Se (- W[VIfy + v2)0 (3-37)Vse Sc •2 Q

where
Vsd,e = sine dwell substitute excitation, g peak
W[ V] = PSD of the excitation in g2 /Hz

fn = the natural frequency of the oscillator in hertz
Q = the resonant transmissibility of the oscillator
P = rms sine excitation, grams.

Fifth, Eq. (3-37) was modified to achieve the form,

-sde = +P A )J + (3-38)

where Vsd,e is the rms sinusoidal substitute equivalent excitation; and finally,

AV .A=

2P (339)

The variable A was plotted in Fig. 3-10.
It was assumed that W[VJ was a constant value (i.e., white) over the entire

frequency range of interest. This assumption was considered to introdu,;e little
error because only the value of W[V] in the vicinity offfn would be expcted to
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4,1-
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Fig. 3-10. Ratio of Se/Sc vsA for various values of ka [591.

cause significant specimen response. The only restriction of W[V] Is that It is
flat in the vicinity of fn. Kaufman et al. [61] may be consulted for the case
where W[V] varies greatly in the vicinity offn.

When the desired substitute excitation is a fixed-frequency sinusoidal signal,
which is intended to represent a random excitation combined with swept
sinusoidal excitation, the formation of an equivalence consists of two steps.
The first step is to account for resonator response when the swept sinusoidal
component passes through fn. The second step is to account for resonator re-
sponse when the swept sinusoidal component is away from resonance and the
resonator is excited only by the random components at &n.

Two assumptions are necessary at this point to enable computation of an
equivalent time at resonance for sinusoidal signal swept through fn. First, am-
plitude buildup of the resonator response is independent of sweep rate, which is
true only for relatively slow sweep rates (recall Eq. (3-16)). Second, the time at
resonance is considered to be the time required for the sweeping signal to move
between half-power points of the resonator [62]. For a constant sweep rate the
time at resonance tc is

60fn (3-40)Q . (rate) (

which was plotted as Fig. 3-11. For a logarithmic sweep rate the time at resonance
tj is
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IQ +0O.s .
60 In 7-03

VLCr) t 1  
(3.41)

which was plotted as Fig. 3-12,
When the sinusoldal component is away from the resonance band and only

the random components are present at resonance, the sinusoidal substitute value
1 57,5$I Is

sde(3-42)

where the superscript denotes the original signal type, the subscript denotes tihe
new signal type, and e symbolizes equivalence. The time duration tr U
ciated with the rmis random equivalent sinusoidal test signal Psde is the total
time duration of the original envelope minus the time consumed sweeping through
resonance. For a constant sweep rate,

trd,e = tt - tco (3-43)

where tt is the total time duration of the original signal and te is the time at con-
stant sweep rate when the excitation signal is sweeping through resonance. For a
logarithmic sweep rate,

tsd~e = tt - tl, (3.44)

where t, is the time during a logarithmic sweep rate when the excitation signal is
sweeping -through resonance.

The two components, an equivalent rms sinusoidal signal simulating a swept..
frequency component and an equivalent rms sinusoidal signal simulating a ran-
dom component, are adjusted in level and time duration in a manner similar to
that used for test time scaling. That is,

/d e 'd Ns 1/" (3-45)
de \ sd,

wherer
isVd,e = the number of cycles to failure at the equivalent rms sinusoidal dwell

level which represents an original random excitation
Nsde = the number of cycles to failure at the equivaJent rms sinusoidal dwell

level which represents an original swept sinusoidal excitation.

The preceding is accurate only if stress is directly proportional to acceleration.
If stress is a nonlinear function of acceleration (or loading) then suitable modi-
fications are required to accurately apply Eq. (3-45).
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The substitute sinusoidal dwell signal, as derived by Spence and Luhrs from
the work of Miles, is applied using the specimen's natural frequency, the derived
equivalence level, and the appropriate time of application. Table 3-2 is presented
to summarize and organize the computations required to find an rms sine sub-
stitute excitation for either a combined random plus swept sine or a random only
signal.

Table 3-2. The Spence and Luhrs Computational Sequence

Step J Comment Using

1.0 Define resonator fil, Q, and b Measurements, analysis,
model or intuition

2.0 Define original Time of exposure, W[V] as a
excitation function of frequency, and as

appropriate, superimposed
sine sweep or dwell level,
sweep rate, and frequencies

3.0 Find Se/Sc

3.1 Determine A Eq. (3-39)

3.2 Find Se/Sc Select appropriate b and Fig. 3-3
assume I < k < 2. If no
sinusoidal component, then
read Se/Sc at a = 0.

4.0 Compute Vsd~e Equivalent rms sine level for Eq. (3-38)
combined random and swept
sine which acts for tI or to

5.0 Compute Vsd,e Equivalent rms sine level for Eq. (3-42)
random only

6.0 Define test time

6.1 For combined Depends on type of sweep (Eq. (3-40) or (3-41)
random and sine (logarithmic or constant rate)

6.2 For random Depends on type of sweep Eq. (3-43) or (3-44)
only (logarithmic or constant rate)

6.3 NormHlize Adjust Vsde to same basis, Eq. (3-45)
either 4.0 or 5.0

6,4 Total Equivalent test time atfn Sum of 6.1 and 6.2
for the normalized level of 6.3
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crede and Lunney

Crede and Lunney [63,641 conducted extensive studies for establishing en-
lightened shock and vibration test requirements for missile and airborne electronic
equipment. They considered the nature of equipment responses and found these
responses to be more important, in the evaluation of test severity, than the char-
acteristics of the input vibration. This conclusion followed an observation that
the stress level was more directly related to the responses of equipment structures
rather than to an input excitation.

The authors advocated the use of a two-level test, based on curves which
envelop appropriate sets of field data measured at the equipment mounting
points. An operational test would be performed using the measured vibration as
the test input level. A nonoperational or structural endurance test would be
performed by exciting the equipment at an increased input level for the pur-
poses of reducing rest time. The accelerated test was derived using S-N curve
information as discussed in Section 3.2.

In the case of airborne electronics, the excitation vibration was considered to
be solely sinusoidal. In the case of missile electronics, excitation vibration was
considered to be represented by a continuous spectrum.

The suggested equivalent test consisted of a substitute sinusoidal test. A
Miles type of analysis was used to derive equivalent stresses for two cases:

* Continuous spectrum excitation
* Beat excitation.

The continuous or random spectrum involved the Miles analysis approach to
derive an equivalent stress relationship. Equation (3-27) is repeated here for
convenience:

S , (kaY )0- (3-27)

The Miles expression was further simplified by assuming that k = 2 and a = 10
were representative parameters, with the result that

Se s 2.71S. (3-46)

The choice of parameters k and a must be carefully made. For example, it was
noted earlier in the discussion of Miles' work that k = 1 and a = 10 were typical
values. Thus from Eq. (3-27),

Se ft 1.92S, (347)

which is mote in line with data from Granick [65] and McIntosh and Granick
[661.
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A beat excitation signal was considered to be the sum of two or more dis-
crete spectra. The discrete spectra may result from an interposition of vehicle
structure between the primary excitation source (aerodynamic buffeting, engine,
other) and the equipment mounting location. Because structures tend to respond
at specific resonance frequencies when loaded by a continuous or nearly con-
tinuous excitation, it is these resonance "bandpass" frequencies which even-
tually combine to form the excitation spectrum for an individual item of equip-
ment in or on the vehicle. The resultant discontinuous excitation spectrum may
consist of periodic beats of varying amplitude, or it may consist of aperiodic
beats. Crede and Lunney considered the case of periodic beats resulting from two
equal-amplitude steady state components which were slightly different in fre-
quency. The resultant beat excitation was assumed to periodically reduce to
zero. The resultant beat excitation is shown in Fig. 3-13.

4-Y

PERIOD

Fig. 3-13. Beat excitation (for two nonharmonically related frequencies).

The equivalence problem was resolved by finding an effective vibration level
which would provide the same damage as the fluctuating stress. The equivalent
stress was given in terms of the peak stress Ssp caused by the beat excitation;

12 /] (3-,/8)Se = -. [Ssp + (12S 2 
-SýP) 3

with the result

Se 1 1.3,

where Ssp/S = 2.1.
The difference between continuous and beat spectra is due to differences in

the relative percentage of low-amplitude stresses. Comparison of Eq. (3.49) with

L [
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Eq. (3-46) illustrates the necessity of knowing the appropriate probability dis-
tribution functions for the response stresses in order to select proper equivalent
test levels.

Mains

Mains [67] attempted a generalized approach to the problem of damage ac-
cumulation in environmental testing. Although his analysis relates to fatigue
damage by use of Miner's theory, the approach could be applied to other types
of damage. The degree of damage was assumed to be equal to the product of
three factors,

D = AIA 2A 3, (3-50)

where
A I = an amplitude of maximum response factor
A 2 = a distribution of load amplitudes factor
A 3 = a material and structural factor.

There are four assumptions which are basic to the Mains approach.
1. A damped-oscillator model similar to that of Miles (Fig. 3-9) will charac-

terize the specimen and respond to a transient load in the usual manner,

y = exp (-HWnt)C2 sin en t + yo(t), (3-51)

where
y = displacement or stress or strain

wn = natural response frequency.

2. A linear approximation suitably describes the logarithmic S-N curve in the

region of interest,

yNk = C, (3-52)

where k, y, and C for our case of fatigue damage are analogous to b, S, and CI
from Eq. (2-3)

yNk ;, SN 1/h Cl/b. (3-53)

3. If yielding is involved then the assumed amplitude decay (i.e., the exp
(-Scott) term of Eq. (3-51)) Is too slow and must be adjusted based on
experiment.

4. Damage accumulation is linear in accordance with Miner's theory (recall
Eq. (2-5).
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With this basis established, the damage is expressed as

'10V/ --76 qbD CLL expl- 1 x

•/6 _ - (3-54)

rZ P

where
C(, "- the largest initial response in the series of transients
C'2mn tile initial response of the different (ruth) transient

h the number of cycles in the transient.

Assuming that the previous work was correct, Mains presented a series of
relationships between relative damage and various individual parameters. These
relationships are given in Table 3-3. Although the approach taken by Mains is
not supported by data, it or a similar approach could serve as a basis for further
research on damage accumulation.

Table 3-3. Relative Damage as Affected by Various Factorst

Factors - Relationship

1.0 Change of test amplitude D (Ca 2Ilk

D1  N1
2.0 Change ofn at constant load amplitude D =

3.0 Chan'.,r in test time only at constant cycle DI _t

rate and load D52  t2

4.0 Change in damping ratio DI (A 3)2
D2 (A 3)2

5.0 Change in strength of material DI L )Ilk

6.0 Change in sirength of material and P - C2
1/k,2(A 2). 3)1

slope of log ,-vs-log N curve D2  C IIkI(A 2) 2(A3 )2
t Frorn Mains [671.
tThe subscript I refers to the new or changed condition; subscript 2 refers to a reference

condition; k and C are defined in Eq. (3-52); and A 1, A 2, andA3 come from Eq. (3-50),
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Hall and Waterman

Hall and Waterman [68] provided one of the earlier attempts to develop a
complete set of equivalence relationships between sinusoidal and random vibra-
tion histories. Their work is documented here for reference purposes, although
it has not found wide application in recent years. The basis for equivalence was
the amount of work expended due to damping forces, and it was assumed that
each type of vibration history would produce the same amount of damage on a
second-order system model. The equivalence expressions were derived for si-
nusoidal dwell at resonance, sinusoidal sweep, and random vibration.

The work expressions from the original paper are given below.

Sinusoidal dwell at resonance
w- -v2 2 2

Wsdj _!n~n _sJQ9(3-55)
Min

where W refers to work.

Random

1tr'ig2In 2W[V] (3-56)4M1

Sinusoidal sweep at constant rate
-2 2- 2

WSnS Vss. ig- (3-57)
Ws~ "-* 8(rate)M1

where
W = work
i = a subscript identifying a specific load level

ih = ZMJ., a generalized mass
M1 = YMMij 2 , a simplifying substitution

Ti = the total time at load level i
(rate) = the constant sweep rate in Hz/sec.

Equivalence was established from the work expressions by equating work
terms. The resultant relationships were given in pairs.

Sinusoidal dwell-random
= (~e W [ V] 0.5

s~de 2Q (3-58)

2
Isd 2Q_ _, IW[Ve Qn f
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Sinusoidal sweep-random

Fi \ 0.5
Vr = 2 W[VI Af 0Iss, e 0}

"2 (3-59)

W[VIs t ol 2Afo

where
fo = an octave bandwidth
to = time to sweep one octave.

The sinusoidal dwell-sinusoidal sweep pair was not presented; however, by
noting that

tsdi = , (3-60)
wan

the last pair is easily derived:

Sinusoidal sweep-sinusoidal dwell

v:S t 0. 5
sd , e = V SS F _ '- . o Isa 0.5 (3-61)

Vsd = tsdLiL\ 81TQ AJ
ss,e = Vsd, to - 1

Waterman [69] extended the primary analysis and noted that the equivalence
philosophy was that damage is cumulative and linearly related to time (cycles)
of load application at a given load level. Waterman assumed that

D = ,a , (3-62)

where damage is equal to the product of work due to damping and rms re-
sponse raised to the a power. The parameter a is similar wo the S-N curve
parameter b. The difference is that a characterizes the slope of an amplitude-vs-
time plot constructed by testing a model to failure at several load levels. This
approach provides an equivalence based more on engineering philosophy rather
than mathematical rigor. Waterman proposes a = 2 for steel and a = 0 for
aluminum based on limited experimental test data. These values should be veri-
fied by more data prior to use.
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The resultant damage expressions are given below.

Sinusoidal dwell

DsdIFtsd
(Qa+lgo+)(ge2 s, mta+ ,

Dsai (2'(a+2)/2)(•jý+) (3-63)

which was not derived by Waterman but was included for completeness.

Random

r i (ge1 2)W[V ( Q 2 )triDri .2+2(n )(3.64)

(2o.,+2)( ce/ 2)

Sinusoidal sweep

(1 4 4 3A• (a+2)12(,a+2• r oe+2 a -nt+2 ss
Z*I's' )( )( S)' (3-65)

(2&c+2)(.2a+1 )(nl(&+2)/2)

where no = the total number of octaves swept.
Equivalences between various types of vibration were obtained by equating

damage functions, arid the relationships again appear in pairs.

Sinusoidal swell-random [ Il1/(a+2)r [V n 1/2

V;d~e = tr; W[}_etse L 2Q
, 2/ (ci2) V 21 (3-66)

sd = tsd, [ 2QVd

Sinusoidal sweep-random

Ir _ + _/2)_[No__nW[V]_1/2

ss,e tss•,eJ 1.4 4 31TJ

w [VI = ss,i 12/(a+2) " 1(3-67)
e L tr,ej nown J

Sinusoidal sweep- sinusoidal dwell

sd e= Lsd, eJ noQJ
Vs'dse = Vs s, 1 s 1/(0'+2) [O..7227n /

vsd . v 1 (a+2 ) noQ 11/2 (3-68)

"ss,e = s,, L.722r
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Equations (3-66), (3-67), and (3-68) show that when test times are equal, the test
amplitudes are independent of a.

Gerks

Gerks [26,701 presented a complete set of equivalence relationships between
sine sweep, sine dwell, and random vibration histories. Both the Miner and the
Corten-Dolan fatigue-damage accumulation theories were applied in a Miles type
of analysis to form equivalence expressions. The resulting equivalence equations
recognize the dynamic characteristics of specimen natural frequency and trans-
missibility. A linear SDF system was used as an idealized dynamic model; how-
ever, the analysis is applicable to higher mode responses. It was assumed that any
complex equipment may be represented by a combination of noninteracting
SDF oscillators. It was also assumed that the total damage caused by a combina-
tion of vibration spectra was the sum of the piecewise damage caused by each
individual spectrum. The case of nonstationary or time-varying vibration was
treated by dividing the environment into a series of sequential environments,
each with a set of constant parameters.

The resulting expressions equate fatigue damage in terms of vibration input
parameters rather than stress or strain. Gerks indirectly validated the expressions
by conducting a limited series of tests on aluminum alloy cantilever beams with
end masses and viscoelastic damping. As a result of these tests, the expressions
based on the Miner fatigue hypothesis were found to be more accurate than those
based on the Corten-Dolan theory. The foliowing discussion will cover the
general assumptions required to generate the equivalence expressions; however,
only those relationships based on Miner's theory are presented.

The following assumptions were made to reduce the complexity of deriving
the equivalence expressions:

1. The logarithmic S-N curve is linear in the range of interest.
2. The various types of vibration occur sequentially.
3. More than one vibration-excitation component could exist at one time;

however, these components would have sufficient frequency separation to avoid
simultaneous excitation of any one resonance.

4. The vibration-excitation amplitude is constant and varies insignificantly
in the region of each specimen resonance.

5. The field vibration is stationary or can be represented as a series of se-
quential stationary environments.

6. Sine sweep rates were assumed to be sufticiently slow so that the resulting
specimen response to the sweep excitation could be approximated by a dwell
response.

The application of the Gerks equivalence expressions is a four-step procedure:
I. Choose the final test duration and type of equivalent test which is desired,

i.e., sine dwell, sine sweep, or random.
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2. Combine all like types of vibration history into one test of each type last-
ing for the same duration as chosen in Step 1. The result would be, as applicable;
all sine sweeps into one equivalent sine sweep, all sine dwells into one equiv-
alent sine dwell, and all random envelopes into one equivalent random
envelope.

3. Transform each equivalent test type into the preselected or chosen type of
test.

4. Combine the like types of vibration from Step 3 into the final equivalent
test level.
A diagram of the reduction procediw• a outlined above is presented in Fig.
3-14.

Three types of expressions wer. i. -ý ý!'pcd: First, expressions which are used
when each type of vibration history inxt be combined into one history for some
desired exposure time. Second, expressions used when each combined
history must be transformed into one final type of history. Last, expressions
used when each transformed history must be combined into one final equiv-
alent test.

The expressions for combining like vibration histories into one history of the
same type are as follows:

Several sine dwells to one sine dwell

Vsd, e =LZ f Y ,I (Vsd)i~j j
V~ i~l te Q 2 I 4+( ) f('%L 2(2Q2_1

(3-69)

Step 1 Original Vibration Step 2 Step 3 Step 4

Choose final test type and
duration (assume sine ] Vsd,i, tsdi -- sde, te - Vssd, to
sweep for time te t

,SSi, t ,,i .,-,-V,,,e, to V ,o,'e to

IW V] i, tr; v V , V,, te

I

Fig. 3-14. Equivalent test reduction procedure (an example) [26].
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Several logarithmic sine sweeps to one logarithmic sine sweep

where f2i and f i set upper and lower frequency boundaries on the original sweep,
and f2e and fie reflect chosen boundaries for the equivalence sweep vibration,
assuming that both the original sweep and the equivalent sweep pass through
specimen resonances of interest.

Several random levels to one random level

MVV~ 4  (Zj)w[v]P/I2}b (3.71)

The expressions for transformations between types of vibration history while

holding exposure time constant used a factor 0 to simplify computation and re-
duce computer time.

In .f2 NDQ 1 .645
T -f8t 9 (3-72)

where 0 was shown to introduce no more than 2% error when 10 > Q > 30 and
lO>fn > 1500 Hz.

From a logarithmic sine sweep to a sine dwell

VSS 
1

sd, e e lt2e" (3f73)

From a sine dwell to a logarithmic sine sweep

FQ ln~f2e 1 ib

SS'e Vsde (3-74
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From a random spectrum to a logarithmic sine sweep

1/ Q[ln f2e r 1 I lib

From a random spectrum to a sine dwell

(WVef)"1 2 [r(i ++)Ilb (3-76)

From a logarithmic sine sweep to a random spectrum

s2

From a sine dwell to a random spectrum

7TA + A2 j /

The final equivalent level is derived by combining all similar types of
vibration.

Final random equivalent

w[V1f = {(W[Vre) 1 I2 + (WtVIss)b! 2 + (W[Vlsd)bl2} 2Ib (3-79)

Final logarithmic sine sweep equivalent

V )+ = [(Vsse)bVd )b b (3-80)Vsssf + ( sr e ,Seb]1b(80

Final sine dwell equivalent

Vsdf = [(Vsd,e)b + (Vse) + ( Vsde 1.b (3.81)

The approach presented by Gerks may be adapted for use on a computer.
When so doing, the computer output may be displayed as an equivalent test spec-
trum plotted directly as a family of curves which are a function of Q. As an
example, Fig. 3-15 illustrates the result of combining both random and sine-sweep
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spectra into an equivalent sine-sweep test. If the specimen is resonant at the
four frequencies indicated in Fig. 3-15, then a final test envelope is represented
by the dashed line. The construction of the dashed line was made possible by
the prior assumption that significant damage occurs only in a resonant region.

100-

fO 300 - - O O0.20• 2U0

S..................2oote tFINAL / QvOIo
0 EQUIVALENT ....10 ,o 1tTEST Q

I COMPUTER OUTPUT
wxt SPECTRUM

SINE SWEEP TEST
1`9 1 HOUR

I- *. .... .-.. I I

10 20 100 1000 2000 10,000
FREQUENCY IN Hz

Fig. 3-15. Example determination of an equivalent vibration envelope.

Change-of-Test-Type Practices

To perform change-of-test-type equivalence we have seen that it is necessary
to

1. Determine or estimate the response frequencies and associated resonance
amplification factors which describc the test specimen.

2. Describe the original test or field history vibration in terms of a temporal
sequence of sinusoidal, random, sine-sweep, or a combination thereof, vibration
loading.

3. Select an appropriate S-N or 9-N curve or curves which account for variable
factors such as stress ratio, mean stress, residual stresses, temperature, notches,
and the like.

4. Make comparisons between vibration V-.ories or perform equivalence on
the basis of exciting the specimen by a mounting structure of known impedance.

5. Use a suitably slow sweep rate when determining a sinusoidal sweep equiv-
alent test, so that specimen responses to an excitation can build up to equal
levels as if excited by the original vibration history.
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6. Review the equivalent test relevant to structural and operational limitations,
such as level sensitivity and range of linear response, to assure the validity of the
equivalence.

7. Recognize that an equivalent test is a result of both original vibration history
and specimen dynamic structural characteristics.
Thus a test which is equivalent for one type of design is not necessarily or
usually equivalent for another type of design, even though identical original
vibration-excitation histories were assumed.

The change-of-test-type equivalences are summarized in Table 3-4. They have
many similar characteristics. The simpler approaches require only very general
and less realistic assumptions to retain validity. The more complex and com-
plete approaches, such as presented by Gerks, lead to improved accuracy.

Table 3-4. A Summary of Change-of-Test-Type Equivalence Practices

Quantity Author Description

Sc Miles Equivalent stresses were found tor a linear SDF
oscillator based on equal damage using Miner's
theory for two types of loading:

1. Monotonically decreasing loads (Eq. (3-3 1))

2. Peaked (Gaussian) load spectrum (Eq.
(3-32))

r

Se, Vsde, Spence Extends Miles' analysis to find equivalent sine-
and dwell or sine-sweep excitation levels for two

Vsde, tsde Luhrs types of original loading spectra:

1. Random only.

2. Random plus sine sweep.

The computational sequence is summarized by

Table 3.3.

Se Crede Use Miles' analysis to find an equivalent stress
and for the case of beat excitation. See Eqs. (3-48)
Lunney and (3-49).
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Table 3.4 (Continued)

Quantity A uthor Description

All major Mains A generalized approach to damage equivalence
parameters using Miner's theory yields a set of relationships

for all major parameters involved in vibration
scaling. A summary of the expressions is given
in Table 3-4.

Relates sine- Hall A set of three equivalence pairs created for two
dwell, sine- and cases:
sweep, and Waterman
random exci- 1. Equal amounts of work expended due to
tation damping forces
spectra

1.1. Sine dwell-random (Eq. (3-58))

1.2. Sine sweep-random (Eq. (3-59))

1.3. Sine sweep-sine dwell (Eq. (3-61))

2. Similar to above except uses a plot of actual
specimen amplitude vs time to failure to
find damage functions

2.1. Sine dwell-random (Eq. (3-66))

2.2. Sine sweep-random (Eq. (3-67))

2.3. Sine sweep-sine dwell (Eq. (3.68))

Relates sine- Gerks A complete set of relationships resulting from
sweep, sine- a MW'-s type of analysis and Miner's theory.
dwell, and The reduction procedure was illustrated by
random Fig. 3-14, and the necessary expressions were
excitation given in Eqs. (3-69) through (3-81).
spectra



CHAPTER 4
MAGNITUDE EQUIVALENCES

4.1 Preliminary Considerations

The magnitude equivalences constitute the second major category of the
damage-based vibration equivalences. Two types of magnitude equivalence are
discussed: equivalence of stress amplitudes, and equivalence by virtue of like
malfunction. There is yet another category, that of the probability that specimen
elements will collide. Such a computation may be treated as a first-passage
problem [8] and is not covered in this monograph.

A common shortcoming of both the malfunction and cumulative-damage
equivalences is that they were often without concern for the influence of mount-
ing interface impedance. They are not totally independent of driving-force
coupling because some of these equivalence techniques are predicated on the use
of specimen response data. The interface impedance problem is discussed in
Chapter S.

Several of the magnitude equivalences were developed to establish a com-
mon reference between the effects caused by sinusoidal and random vibration
spectra. They appeared at a time when random vibration concepts were first
being introduced. At that time many engineers wanted a simple sinusoid-
random equivalence correlation so they could apply sinusoidal testing experi-
ence to the "new" random vibration environment.

Work was also undertaken to find an equivalence between narrowband swept
random and wideband random testing. The need for such an equivalence had a
practical basis in that the swept random spectrum would demand less drive power
than the wideband excitation. The reduced power requirement for the narrow.
band swept random test was achieved by not simultaneously exciting the entire
wideband spectrum; however, the actual test time was increased as a result of this
test approach.

The magnitude equivalences were formed with the intent of using parameters
which were less illusive to tile intuitive designer than the parameters required for
the cumulative-damage equivalences. Under limited circumstances the magnitude
equivalences have proven valuable from the standpoint of providing insight into
specimen responses to various types of excitation. Unfortunately, the attempts
to achieve correlation based on specimen performance degradation, or malfunc-
tion, did not yield valid equi,'lence techniques.

The majority of the magnitude equivalences are limited to a unity time scaling
between various types of vibratory excitation. Some of the equal-motion equiva-
lences provide a method for changing the time scale, so that they could be used
for the purpose of deriving an accelerated test.

73
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4.2 Stress Equivalences

The equal-stress equivalences were developed mostly from mathematical re-
lationships used to describe Gaussian processes and the classical SDF linear
oscillator. An equality was assumed to exist between various vibration experi-
ences when each of these experiences would produce like sets of stress amplitudes
and a like number of occurrences at each stress amplitude. It was further assumed
that a defined relationship existed between a specimen's response amplitude and
the stress resulting from the response amplitude.

One basis for correlation involved equating the rms response between different
types of vibration excitation, Another basis of correlation was to equate the dis-
tribution of response acceleration peaks above some level or at a known level
which would cause failure or malfunction. The equal rms response and equal
distribution of peaks theories were used to form the following substitutions:

I. Sinusoidal dwells of a single frequency or several discrete frequencies for
random excitation.

2. Sinusoidal sweep testing for random excitation.
3. Swept narrowband random for widoband random excitation.
Recognition of the importance of factors such as resonant amplification Q and

natural frequency fn was provided by the stress-amplitude equivalence tech-
niques. In certain cases, the stress equivalence eventually related to the concept
of specimen damage. As shown by Patrick [71], this eventual relationship to
damage was expected because the concept of damage is explicit in time, and both
the time-to-failure predictions and time-scaling techniques are important facets of
equivalence technology.

As in the application of the other equivalence techniques, it is advisable to
apply the stress-equivalence relationships with caution, If the fundamental as-
sumptions and shortcomings are understood for each technique, these equiva-
lences may be used as additional design or diagnostic aids.

The stress equivalences are divided into the categories of equal rms response,
equal distribution of peaks, and swept random.

Equal RMS Response

Certain mvasurements are made and used to characterize a random vibration
excitation or response spectrum. Either instantaneous or peak values of accelera-
tion may be observed or recorded; however, the vibration spectrum is conven-
tionally defined by a plot of power spectral density, W[V1, vs frequency. A true
rms meter is frequently used to determine the rms acceleration value Vr, When
the rms acceleration level is assumed to be constant over a narrow frequency
band Af, the power spectral density (PSD) in g2 /Hz is simply

W[V , (4-1)
\6f P (.1
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where Af is the bandwidth of the filter or meter used to measure V1r, and V is
frequency dependent.

When vibration test data are narrowband, a condition which may result from
the filtering caused by a local structural resonance, it is convenient to deal with
peak measurements. The acceleration peaks are considered to be Rayleigh
distributed in the majority of the following equivalences; however, they are in
theory Rayleigh distributed only in the limit as the response bandwidth tends
toward zero. This simplifying assumption is usually valid because the filter band-
width used in performing a spectral analysis is usually very small compared with
the center frequency of the analyzed 0.7-
bandwidth. Broadband signal ac- >-L.- 0.6-
celeration peaks are assumed to be U) RAYLEIGH
Gaussian distributed. o NORMAL

A comparison of the normal or 0.4-
Gaussian distribution in the Rayleigh _1 Q3-
distribution is shown in Fig. 4-1. 0.2

Although in many instances the 0

assumptions of a normal distribu- . 0.-
tion and applicability of the Rayleigh 0 -2 -, 0 1 2 3
distribution are good representations RATIO OF INSTANTANEOUS TO

of actual data, this is not always RMS ACCELERATION, V,/Vr,

true. As noted by Mustain [72] and OR STANDARD DEVIATION,o,.
others, actual field data will some- Fig. 4-1. A comparison of normal and

times yield varying bandwidths. Rayleigh distributions.
Thus the peak distributions will
deviate from the Rayleigh distribution, particularly as structural nonli nearities be-
come effective.

For the general case where a random input acceleration level is known to vary
with frequency,

[1r4response)J 2 _ -"fW[V(o)] JH(w)I2dwo, (4-2)

where H(w) defines the ratio of response acceleration to input acceleration as a
function of frequency.

The rms response of an SDF linear oscillator to a white random input signal
was given by Spence [73] as

Vr(response) 2W[VifnQ) (4.3)

where the resonant amplification or quality factor Q was classically [74j repre-

sented as
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When a specimen has several response frequencies, each is considered on an
individual basis. An equivalent test would involve a sinusoidal dwell at each
response frequency of interest.

An equal rms response equivalence described by Trotter [75] provides a
sinusoidal input at each resonance frequency such that the rms response at each
resonance is equated to the overal rms response,

m 0.5
[ Vsd 'elk = I [AVJlO (4-10)

where tile subscript k refers to the conditions associated with the kth sinusoidal
response. This approach tends to yield lower values of a computed sinusoidal
equivalent excitation than the values
cornputed by use of Eq. (4-7). The 99.99-
lower values result from the use of 99.9_
the overall W[V] rather than the "
W [ VI at each specific resonance. This 9 - -A E
approach would tend to average the . RAYLEIGH
sinusoidal equivalent excitation levels. - 80-
Thus when a specimen has one reso. ' 60
nance which is dominant over other @ 40-
resonances, the lowei resonances would 20-

be somewhat overtested, and the domi- • o
nant resonance would be significantly
undertested. For these reasons the 0- NORMAL

results obtained by the application of 0.1-
Eq. (4-10) would yield a less satis- C 0,0--
factory basis for equivalence than the 0 0 I 2 3 4 5
results obtained by the use of Eq. STANDARD DEVIATIONr

(4-7). In general, a single-frequency Fig. 4-2. Probability of exceeding certain

sinusoidal dwell equivalence of' a ran- levels in normal and Rayleigh distributions.
dora spectrum can be derived only for
the immediate region of a resonance. The type of' failure may be different at
each resonance; i.e., wear, fatigue, or performance malfunction.

The equal rms response techniques may be used to design an equivalent test
which would consist of a sinusoidal sweep substitute for the random excitation.
Caution is advised, however, because such attempts may be fraught with prob-
lems 1771. That is, an equivnlent sinusoidal sweep would involve the adjustment
ol'both excitation amplitude and sweep rate as a function of excitation frequen1cy.
Morrow and Muchmore 1781 concluded that there is no mathematically valid
way of providing a conventional single-frequuncy sweep that is equivalent to a
continuous spectrum for all types of failures.
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Equal Distribution of Peaks

A technique for scaling test time between a long-duration, relatively low-
intensity and a short-duration, relatively high-intensity random excitation was
introduced by Curtis [791. He equated acceleration response pcaks above some
level. Blake and Oleson [801 and Oleson [81 ] also suggested that test equivalence
exists when there is a similar distribution of response stress peaks at high levels.

The assumptions necessary for the formation of an equal distribution of peaks
equivalence include the following:

1. The resonant transmissibility Q is known or can be assumed.
2. Damage occurs primarily due to the excitation of resonance. Thus the

analysis is focused on narrow frequency bands, and the results of the analysis are
influenced by the expected resonant characteristics of the specimen.

3. The narrowband vibration probability density function for the distribu-
tion of peaks is a Rayleigh distribution.

4. The specimen's fragility is known in terms of a maximum input ac-
celeration level which will cause no damage vs frequency.

5. Damage is produced only by acceleration peaks above the fragility-level
input acceleration Výc.
The distribution of' peaks for two narrowband vibration histories of different
rms acceleration level and some center frequency is shown in Fig. 4-3. Equality is
assumed when the rms acceleration of each vibration history is maintained for a
time ratio such that the fragility-level acceleration is exceeded an equal number
of times. That is,

t= K 2 , (4-I!)

where tj and t 2 represent the time duration of vibration history I and vibration
history 2, and K represents the ratio of the shaded areas of the curves in Fig. 4.3.

RMS LEVEL OF HISTORY I, Vr,

u0 •IAC/'---RMS LEVEL OF HISTORY 2,Vf,2

I CURVE I,,F-FRAGILITY' LEVEL

ACCELERATION, Vt

I CURVE 2

ACCELERATION LEVEL IN j'S

Fig. 4-3. A compurison of two rnrrowband vibration
histories 1791.
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Application of assumption number 3 to compute the number of peaks exceeding
some level Vf yields

K = L = exp W 1 (4-12)
t2 W[V21

where Vri, the in-band rms acceleration, is (fn W(VI/Q) 0'5 , and W(Vt I and
W[V 2 1 are evaluated at the natural response frequency of interest. Equation
(4-12) was plotted by Curtis [791 and appears as Fig. 4-4.

1000.0- 
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II

1.0

I> >--.2.0

3.0
5,0
8,0

1.0 0,1 0.01 0.001 0.0001 0,00001

t2

Fig. 4-4. Time vs the ratio of mean square acceleration for several values
Of Vf/Vr,l 1791.

Application of the equal distribution of peaks method is accomplished in four
steps.

First, the fragility envelope must be obtained from available test data, or by
assumption based on analyses of similar specimens and perhaps the use of
analytical modeling techniques. Second, the in-band rms acceleration response is
computed,

Vr, 1 (response) (WtV1 V nQ) 1 (4-13)

Third, the value of k is determined from Fig. 4-4. Fourth, the test duration, as-
suming a comparison of like narrowband envelopes, is

te, I t + Kt 2 , (4-14)
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where te, I is the equivalent test duration at level I for the combined vibration
histories at levels I and 2.

When several narrowband envelopes exist, such as expected in a complex speci-
men excited by a wideband random signal, Eq. (4-14) is used at each frequency
of interest. As a result, the individual total test times will vary with frequency,
which is a weakness of the method because some average value of time must
eventually be selected to arrive at the narrowband excitation approximation of
the broadband excitation.

Swept Random

Booth [82] and Broch [83] extended the equal distribution of peaks equiva-
lence techniques to the problem of substituting an intense swept narrowband
random signal for a wideband random signal. The major advantage of a swept
narrowband random equivalent test is that a vibration exciter of smaller force
capability will suffice, whereas a much larger exciter would be required for the
wideband test. Also, swept random testing complements wideband testing in
that resonances are excited sequentially. As a result of sequential excitation, any
frequency band in which specimen failure or malfunction appears is readily iso-
lated, a fact which expedites subsequent failure analysis efforts.

The following characteristics of the wideband excitation must be duplicated
by the swept narrowband signal:

1. The total number of acceleration peaks must remain the same inside
each resonance band.

2. The rms test level must be adjusted to proiide the same number of ac-
celeration peaks in any interval of acceleration level,

3. The probability distribution of peaks with respect to the rms test level
must match for both types of test.

The first characteristic is accommodated by use of a logarithmic sweep rate.
The changing sweep rate is necessary because the bandwidth of a resonance,
when using any single value of Q, increases with increasing frequency (recall
Eq. (4-4)). The second characteristic is accommodated if the rms magnitude of
the narrowband excitation is increased as the square root of frequency, i.e.,
3 diB/octave (recall Eq. (4-3.)).

To facilitate the implementation of a test which has tolerances on the input
acceleration level, Booth [82] introduced a factor called the acceleration
gradient. The acceleration gradient is simply the instantaneous acceleration
divided by the square root of radial frequency,

AG ir (4-15)

where AG is the acceleration gradient and Vr is a function of the bandwidth of
the meter used to monitor the input acceleration. Now, rather than specifying a
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test in terms of a PSD-vs-frequency spectrum, the test would be specified in terms
of a constant acceleration gradient.

A swept random test is shown in Fig. 4-5, and a simplified sweep random test
system is shown in Fig. 4-6. In Fig. 4-6 it is assumed that the meter will read
AG directly, and the AG signal is used to control the sweep random generator.
The random generator in turn controls the power amplifier.

The third characteristic, that of matching the probability distribution of peaks
between the swept random and wideband spectrum, is more difficult. Booth
simplified the problem by constructing a plot of the probability that response
peaks in a Rayleigh distribution will exceed some level V1 where ?- is the ratio

Vi. (4-16)Pr

SWEPT RANDOM
o ACCELERATION

t.0
% -WIDE BAND
z EXCITATION

ft f2
f IN Hz

Fig. 4-5. A comparison of wideband and swept narrowband
random vibration excitation.

i. 4 SPECIMEN

~CONTROL ACCELEROMETER

f 1 • RANDOMI

GENERATOR I

Fig. 4-6. A basic sweep random test diagram.
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and Vi is the magnitude of the ith-level peak acceleration. The probability plot
for X is given as Fig. 4-7. Next, it is necessary to determine the accumulated peak
probability distribution for the swept random signal based on the resonance char-
acteristics of the system. This may be accomplished by a numerical integration
procedure [82] or by. the use of analog models [83]. The new curve is plotted
to the same scale as Fig. 4-7 using

= Vr* ' (4-17)

where the asterisk denotes the actual response conditions. The two plots are
overlaid as shown in Fig. 4-8 to determine suitable vertical- and horizontal-axis
scale factors. The scale factors can be used to determine the desired excitation
level and sweep time for a practical sweep random test by the procedure outlined
in Table 4-1. The horizontal scale factor q is taken as
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I,-

>- 0.1-
t,-

0

0 . 1I

0,4 0.6 1,0 2.0 3.0 4.0 5.0

Fig. 4-7. Probability that an acceleration peak will have a
magnitude greater than Vj.
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q = -' (4-18)

and the vertical scale factor s as

P[X*]
s . (4-19)

PI[X

A possible drawback of the swept random equivalent testing technique is that

a relatively long test time is required to acHieve the same damage-pFoducing

capability as the original wideband test [84].

The test time may be shortened by the following techniques, also suggested

by Booth:
1. Use several signal generators, each of which would simultaneously sweep

portions of the total frequency spectrum.

P[

P

Fig. 4-8. An overlay of theoretical (test-generated) and predicted
(actual) peak response probability curves.
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Table 4-1. Procedure for Computing a Narrowband Swept-Random Equivalent
of a Wideband Random Excitation

Step Approach

i. Define the initial wideband 1. Parameters required are frequency range,
input spectrum total test time, and Vr, where

.V, = {f W VI (f 2.- f-)})1' (4-1)

2. Determine the equivalent 2. Plot peak probability distributions and
rms sweep acceleration overlay as in Fig. 4-8. Find the scale
level factor q of the horizontal axis positions.

Then

Vr,e =q(TQWtVIfn) 0  (4-7)

defines the equivalent rms acceleration
level. Usef 2 from Fig. 4-5 to compute
the maximum value of Vre.

3. Compute the acceleration 3. Combine Eqs. (4-7) and (4.15):
gradient AG for tesi
control purposes AG Fr

V4Q

4. Compute test duration T 4. Determine vertical-axis scale factor s from
overlay plot of Step 2. Then

t = ~sQtw In (i-) (4-20)

where tw =original wideband test time.

5. Define final swept 5. Use the following steps:
narrowband random test
parameters 5.1 Compute Vr,e by Step 2 at the highest

frequency f2, and apply at 3 dB/octave
rolloff as shown in Fig. 4-S

5.2 The constant AG for the test as deter-
mined by Step 3

5.3 The total test time as found by Step 4
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2. Provide automatic level regulation to compress some of the higher peaks
in the narrowband excitation signal. The result is an increase in the number of
peaks per unit time without an increase in test level. A new acceleration peak

distribution plot is necessary to describe each change in peak compression. By
using the new set of peak distribution plots to form a family of overlays, as in

Fig. 4-8, new scale factors q and s are found and used to change the test time as

computed per Table 4-1.
Broch [83] expanded the change of test time procedure by defining a term j0:

Compressor speed in dB/sec

Bandwidth in Hz (4-21)

where the faster compressor speeds mean more peak compression. The band-

width refers to the bandwidth of the sweeping narrowband signal. The effect of
f3 on a peak-acceleration distribution curve is shown in Fig. 4-9. Broch also
plotted a summary of many matches of peak-acceleration probability-density

curves to the Rayleigh curve. Broch's plot is given as Fig. 4-10. He does not
recommend values of (3 in excess of 300 because the higher compressor speeds
will cause waveform distortions at the lower frequencies and yield unsatisfactory
acceleration-amplitude probability distributions.

4.3 Malfunction-Based Equivalences

The assumed basis for the formulation of the malfunction equivalences was

that each type of vibration would produce correlative amounts of specimen per-
formance degradation. In each case a general equivalence was sought without

consideration of the construction details of the specimen. The concept involved

was that complex devices, unlike simple mechanical structures, suffer performance
changes at vibration test levels which are lower than vibration levels that lead to

structural or catastrophic failure. The term vibration fragility was expanded to
include the threshold excitation conditions which produce specimen malfunc-
tion. Specimen malfunction was considered to be a reversible process wherein

specimen operation exceeds performance tolerances during load application, and

the specimen would return to a condition of satisfactory operation after the

loading was removed. It follows from the definition of malfunction that equip-

ment fragility was not considered to be time dependent, but was somehow re-

lated only to acceleration level.
The malfunction-based equivalences were investigated in an early arid unsuc-

cessful attempt to equate the sinusoidal and random vibration environments. A

brief review of these attempts to form a malfunction equivalence will illustrate
the logical fallacies involved and as such will be useful in identifying and avoiding
these fallacies in future work.

Foster [85] investigated the feasibility of forming a malfunction equivalence

between the random and sin, usoidal excitation of complex electronic equipment.
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Fig. 4-9. Probability that an acceleration peak will have a magni-
tude greater than Vi, using data from [801.

He selected a military-quality state-of-the-art (in 1961) transmitter-receivet and
a commercial aircraft horizon-indicator instrument as test specimens. His testing
program involved the excitation of the specimens by a random spectrum of con-
stant spectral density in the 20- to 2000-Hz bandwidth, and a very slow sinusoidal
sweep at constant peak g level in the same frequency interval.

The specimens were tested at random PSD levels, stepwise, from 0.001 to
0.010 g2/Hz; and at sinusoidal levels from ± 0.25 to ± 1.50 g. The specimens
were hard mounted to the electrodynamic exciter and tested in three mutually
perpendicular axes. Electrical degradation of specimen output signals was the
criterion for correlation.

Foster concluded that no constant quantity could be found to relate elec-
trical degradation between sinusoidal and random excitation. However, he did
make two observations:
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Fig. 4-10. Time-level exchange curve for the selection of level factors q and
time factors s 1831. Thn accuracy of the match between the new peak distribu-
tion and the Rayleigh curve in the 2a to 3o region is noted in decibels by each
plotted point.

1. Low levels of sinusoidal excitation produced higher levels of electrical
noise output than did relatively high levels of random input. The electrical
signal distortion was higher as a result of ± 0.25-g sinusoidal testing than for a
random test level of 0.010g 2//Hz over the 20- to 2000-Hz band.

2. The slope of a set of curves plotted to display specimen performance
signal degradation vs test level tended to vary with excitation frequency and axis
of excitation. Also, when the signal degradation resulted from several simul-
taneous response modes, correlation was not possible because no single sinusoidal
excitation frequency gave a direct indication of signal degradation under random
excitation.

Brust [86] performed an investigation similar to that of Foster. However, his
specimens included light bulbs, an airspeed indicator, a mechanical chopper, and
a motor-driven resolver, He concluded that sine-random equivalence does not
exist on a malfunction basis. His results show that sinusoidal tcsting can yield
false indications of the severity of the random environment when the multimode
responses, such as caused by random excitation, are considered.

Curtis and Abstein [87] also conducted an investigation to establish a cor-
relation between the effects of random and sinusoidal excitation. They used as
specimens the electronic packdges from a GAR-4 Falcon missile. The functional
performance of three nominally identical units was found to vary considerably
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under random excitation. In one case catastrophic failures occurred prior to
functional failures. There were distinct differences in the nature of specimen mal-
function between each type of vibration excitation. Curtis and Abstein con-
cluded:

1. In certain cases, no correlation exists.
2. If a correlation exists for complex systems, it will be so complicated that both

types of testing are required anyhow, which negates the need for the correlation.
3. It is possible that correlation may exist for a very simple type of mal-

function such as wiper-arm chatter in a servopositioner.
The work on malfunction equivalences was conducted in the early 1960's and

due to a lack of encouraging results, has not been seriously considered in recent
years.

4.4 Use of Magnitude Equivalences

The magnitude equivalences are a valuable addition to the cumulative-fatigue
and mechanical-impedance equivalences. A common characteristic of the magni-
tude equivalences is that they ignore the mounting impedance problem. This
characteristic is unfortunate in an absolute sense, but it is not a limitation once a
specific test has been described. It causes no restriction when comparing two
different tests on one specimen, both of which involve mounting fixtures of great
stiffness or of equal mechanical impedance.

Some caution is advised in the application of the magnitude equivalences.
First, using the PSD-vs-frequency plot only to describe a random environment
does not give any information about the distribution of acceleration peaks. Thus
a non-Gaussian process would be poorly represented on an equal rms response
basis if the envelope of peak amplitudes were not considered. Second, it was
noted by Warren [881 that, although the response of a system to a sinusoidal
signal is proportional to Q (Eq. (4-6)) and the response to a random signal is pro-
portional to QO.5 (Eq. (4-5)), actual flight records show that response varies as
Qtl, where 0.7 < n < 0.8. Third, no history of vibration effects was included,
i.e., cumulative damage, which would be of significance if long test periods were
anticipated. Fourth, unless there is a very detailed knowledge of the specimen's
response characteristics, it is probably inadvisable to attempt to use a sinusoidal
single-frequency signal to duplicate an overall performance degradation due to a
wideband excitation. We need to know how specimen performance relates to
each response and how these individual performance degradations combine.
Fifth, the magnitude equivalences tend to ignore specimen damping character-
istics. Thus when a specimen is heavily damped significant errors are possible.

Foster [851 plotted signal degradation vs input acceleration level for various
types of input spectra. Although his results provided a nonlinear relationship
between performance and input excitation level, curves of this nature could be
obtained experimentally and used for performance comparison, between differ-
ent types of tests.



CHAPTER 5
INTERACTION EQUIVALENCES

5.1 Preliminary Considerations

The interaction equivalences represent a most important area of vibration
equivalence, an area which must be considered regardless of the type of damage-
based equivalence technique which may be selected and applied to any specific
situation. The interaction equivalences may be described more accurately as
techniques which are used to improve test realism rather than true equivalences.

The interaction equivalences were divided into two areas for discussion
purposes, although neither area is separable from the other. The two areas in-
clude the consideration of complex-motion and mechanical-impedance concepts.

Complex-motion equivalence means that proper allowance and recognition is
given the entire situation within which a specimen has been operated or will be
expected to operate under field and laboratory conditions. Complex-motion
equivalences become of increasing importance as the size and complexity of a
specimen, its mounting situation, excitation force spectra, and force location
patterns become more complex.

As an example of moderately complex specimens, consider a shelf of elec-
tronic equipment which may be mounted in any one of several aircraft. Each
carrier aircraft is powered by different engines located at somewhat different lo-
cations on an airframe of a different structural design. In addition, each aircraft
would be expected to vary in airspeed, maneuverability, and general usage, re-
sulting in a variance in the aerodynamically induced force systems which act on
each airframe. The shelf of electronic equipment, which is attached, for
example, to each airframe by four common attachment points, will receive a very
different vibration experience in each aircraft. This vibration experience will dif-
fer in that each attachment point on any one aircraft will be excited differently
in phase and amplitude from the other attachment points. Further, the nature
of attachment-point motion is a function of the interaction of dynamic proper.
ties of the local airframe structure and the shelf. The final motion of the shelf of
electronic equipment will result from an excitation-level and frequency-dependent
force balance at the attachment points. This relative relationship of attachment-
point motions will be different for each aircraft because the shelf and various air-
frames will not interact in an identical manner.

A true equivalence technique would be one which could be used to compare
directly the vibratory experience of our example shelf of electronic equipment
between aircraft. Further, this true equivalence technique could be used to de-
sign a laboratory simulation of the flight environment with such accuracy as to

89
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reproduce the complex motion expected in each flight situation. This idealistic
goal may be approached for a very simple specimen and environment, such as
for a capacitor mounted to the flame of a constant-speed stationary motor. There
is serious question, however, whether it is either technically feasible or eco-
nomically desirable to achieve an absolute equivalence for the more complex
specimen and the more complex mounting situations.

The failure of many vibration testing practices and specifications to accom-
modate the interaction of the tested specimen with the supporting structure, as
may be experienced in actual service, can lead to the generation of test results of
little value.

One particular weakness of current vibration test practices is the usual require-
ment that a very stiff test fixture be used to support the tested specimen. As
noted by On [891 and Pulgrano [901, the use of a very stiff test fixture can
cause great changes in the dynamic response of a specimen. When the specimen
is secured to a stiff fixture, the fixture itself will tend to stiffen the specimen
and change its vibratory response characteristics, and the stiff fixture is not sig-
nificantly affected by the dynamic characteristics of a specimen which is
mounted on it.

When the specimen is very stiff and its weight is small relative to its supporting
structure, the presence or absence of the specimen may not have a significant
effect on the vibratory response characteristics of the supporting structure. In
these few cases present test practices are probably satisfactory [91 J.

The test vibration input is usually specified by an envelope of peak sinusoidal
acceleration plotted against frequency, or by a PSD-vs-frequency plot for random
vibration. The specified test envelope may encompass many sets of data taken by
monitoring accelerometers placed at the specimen mounting points during actual
service. In this case the test vibration input envelope represents motion resulting
from interaction of the specimen and its supporting structure when they are acted
upon by a system of dynamic forces. The test specification usually causes the
specimen to be mounted to a very stiff fixture which results in a different inter-
action between the supporting structure and the specimen. Applying sufficient
power so that an accelerometer mounted on the fixture will indicate the required
test excitation may result in more energy forced into the specimen at its response
frequencies than it would experience in service, This approach often leads to
overdesign and unnecessary expense in modifying equipment that fails the
overly severe test.

The objective of mechanical-impedance equivalence is to duplicate the dy-
namic structural behavior of a tested specimen when its supporting structure is
replaced by a test fixture. The purpose of equivalence is to cause equal damage
(wearout or performance malfunction) between normal field use and laboratory
dynamic environments. Unfortunately the damage processes are poorly under-
stood. As a result the structural dynamic characteristics of a specimen's mount-
ing structure must be very accurately reproduced in the test laboratory to assure
equal damage.
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Several techniques have been suggested to improve vibration testing practices
by accounting for the interaction between a specimen and its supporting struc-
ture. The techniques covered in this chapter include the mechanical-impedance
methods of response limiting, input power control, input force control, and
vibroacoustic testing.

The primary objective of this chapter is to discuss variables associated with
mechanical-impedance equivalence and to review the work of engineers who have
attempted to find suitable mechanical-impedance-equivalence testing tech-
niques. No specific method is outstanding or generally accepted. Each should be
understood so that the best method may be selected and applied for specific
requirements.

5.2 Impedance Equivalences

Several methods have been proposed to reduce discrepancies in the laboratory
simulation of field vibration. They involve the alteration of conventional labora-
tory testing practices to achieve results which more closely duplicate actual
service. Approaches covered in This section include r esponse control, input
power control, input force control, and vibroacoustic testing.

Prior to a discussion of various approaches to mechanical-impedance equiva-
lence, it may be necessary to review the basic terminology and concepts of
mechanical impedance. A review of terminology and concepts adequate for use
of this monograph is given in the next section.

Fundamental Concepts

As pointed out by Salter [92] , the consideration of motion without the con-
sideration of the originating force may not adequately describe the input or
response of a specimen to a vibratory excitation. To do so would be like
attempting to understand the performance of an electrical circuit by looking
only at voltage and ignoring impedance and current flow.

Mechanical impedance is defined as the ratio of the driving force acting on a
specimen to the resulting specimen velocity. If the velocity is measured at the
same point i where the force is applied, the ratio is called the driving-point
impedance:

= , (5-1)

where
Zi = mechanical driving-point impedance
Fi = the applied force
ýi = the velocity at the point of force application.

The terms in Eq, (5-1) are complex numbers.
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Mechanical-impedance measurements may be obtained by computing the
ratio of the force at a point i to the velocity at some other point j on the
specimen,

FE
Z -= (5-2)

where Zii is called the mechanical transfer impedance.
It is frequently more convenient, especially when deriving an electrical circuit

analog of a mechanical system, to work with the inverse of mechanical impedance.
The inverse is called mobility and may be either a driving-point mobility or
transfer mobility,

= i (5-3)

where Mi is the mechanical driving-point mobility. Although mechanical imped-
ance and mobility are defined on a velocity basis, the impedance concept is
sometimes extended to include acceleration and displacement responses.

When the ratio of driving force to displacement is used, the result is

= Fi (5-4)

Yi

where Di is the dynamic modulus at point i, and yi is the displacement. The
reciprocal of the dynamic modulus is called the receptance Ri. The ratio of the
driving force to the acceleration is sometimes called the apparent weight,

- =FiWi . (5.5)
yi

where r/i is the apparent weight and P. is the acceleration of the specimen taken
at location i.

Idealized mechanical system elements with lumped constants may be as-
sembled to form physical systems. These basic elements include the mass, spring,
and damper, as shown in Table 5-1. They may be used as building blocks just as
resistors, capacitors, and inductors are used in electrical circuits. Consider the
simple mechanical system shown in Fig. 5-1a. Its corresponding mobility dia-
gram is shown in Fig. 5-lb. The three elements of the mobility diA'.ram are in
parallel, so we have

Zi = Z (spring) + Z (damper) + Z (mass)

=c+/(WM _K), (5-6)
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Table 5.1. Idealized Mechanical Elements

Element Symbol Impedance* Mobility* Force

Mass L-ZMIw- u) M F = M);

K zK M'- F=Ky

Massless Spring K Z = K- F = Ky

C

Damper o...--. Z =]c /A 1 F Z

"Fi Fl

M

t M
K C K C

(a) The lumped system (b) Mobility diagram

Fig. 5-1. A simple mechanical system.

where / -V'T. Also, in terms of mobility,

I+ 1 1 1 1_ _

Mi M (spring) M (damper) M (mass)

Mi (5.7)c2. (M_ K

*CM
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Mechanical impedance is a frequency-dependent complex number. It is ex-
pressed as the sum of real and imaginary components or as a magnitude IZI and
an angle 0:

Z = Re (7.) + Im (Z) = IZI exp (jO) , (5-8)

where

(-- {IRe(Z)]2 + [Im(Z)] 2}0 .5  (5-9)

and

0 tan-, Im (Z)Re (Z) (5-10)

It is sometimes convenient to plot impedance magnitude vs frequency and
phase angle vs frequency. Such a plot illustrates that the impedance of a damper
is a constant at all frequencies, the impedance of a mass has a slope of +1 and
crosses the f 1 line at Z = 27rM, and the impedance of a spring has a slope of-I
and crosses the f = 1 line at Z = K/27r.

An impedance plot for the simple example of Fig. 5-1 is shown as Fig. 5-2.
The impedances of the ideal mechanical elements are simple straight lines because
they are either real or imaginary. By inspection of Fig. 5-2 we see at low fre-
quencies that the system impedance approaches spring impedance and the system
is called stiffness controlled; at high frequencies thesystem impedance approaches
mass impedance and the system is called mass controlled.

K Z(SPRING) I
2w- / I Z(MASS) 0

SZ(MASS)

. IZl

z

Co

iz
LUI

0.0 I ZDAMPER)
I %'

• iM , , \

1.0 fn
FREQUENCY IN Hz

Fig. 5-2. A mechanical impedance plot
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Mechanical-impedance measurements may be taken on actual specimens by
several methods. In the most common a variable-frequency force generator is
used to excite a specimen, and corresponding velocity measurements are taken
at the point of force application (for driving-point impedances) or at a remote
position (transfer-point impedance). Because most real specimens are not as
simple as our three-element example, typical mechanical-impedance plots are
usually more complex, as illustrated by Fig. 5-3. In Fig. 5-3 points a, c, and e
represent significant resonances, and points b, d, and f are "antiresonance"
points.

--- d

W X

(fu

I Z

z

U 4-2

w
0-

FREQUENCY IN Hz

Fig. 5-3. A typical point-impedance plot.

An antiresonance frequency is a frequency at which the impedance magnitude
reaches a maximum value. The antiresonant situation is easily visualized by con-

sidering a simple series spring-mass system. The maximum mechanical-
impedance frequency or antiresonant frequency of the simple spring-mass system
is the frequency where the spring-mass system acts as a classical dynamic vibra-
tion absorber [74].

For a more detailed review of the fundamentals of mechanical impedance the
reader may consult [49,92,93].

An Example

Before discussing laboratory techniques which have been used to achieve im-

pedance equivalence, we shall consider an example of how current testing prac-
tices can cause a lack of similarity between laboratory and field failures. The lack
of test equivalence which can occur was clearly pointed out by Blake [94],

Salter [951, Vigness [96], and others such as Pulgrano [90], Silver 1971, and
Painter [98]. Each of these authors concluded that specimens in general are
severely overtested at the frequencies most damaging to them by the practice of
enveloping field data and forcing that envelope to appear at specimen mounting
points.
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Figure 5-4a shows a piece of equipment mounted to a supporting structure

which is excited by a sinusoidal force. A two-degree-of-freedom model of the
system is given in Fig. 4-5b where the equipment mass is coupled by a paralle.
spring and damper to the mass of the supporting structure. For some set of sys-
tem parameter values the response of the system to a sinusoidal sweep excitation
may be as shown in Fig. 5-5. Assume that someone has measured the support
response U's) of many similar mechanical systems which have different values of
mass, stiffness, and damping. The result of these measurements, when plotted
against frequency, might appear as in Fig. 5-6. An envelope curve, as shown,
could be found which encloses say 95% of the data points. This envelope curve,
in turn, is applied as a vibration specification on fixture motion for the equip-
ment.

J z - EQUIPMENT me 7

_______SUPPORTING

STRUCTURE

ye

tF

(a) The system (b) Mechanical model

Fig. 5-4. An example system.

_Z RESPONSE • STRUCTURE
/ \ *-RESPONSE

0_ye / / , \ ,

uJ

Fig 5-.Rsos fth xml ytm Fg -)t

uoiU

4

FREQUENCY IN Hz

Fig. 5-5. Response of the example system (Fig, 5-) to a
sinusoidal sweep.
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The result of testing the equipment portion of the system to the envelope
curve is shown in Fig. 5-7. In this simplified example it can be seen that the re-
sponse of the equipment (e) to the specified laboratory test as defined by the
envelope of Fig. 5-6 is very different from the original situation where the
equipment response was allowed to be modified by the structure. Point a of
Fig. 5-7 is an antiresonant frequency of the supporting structure (note that posi-
tive peaks in Fig. 5-3 were called antiresonant peaks when plotting impedance
against frequency) which resulted from the interaction of the equipment and the

ENVELOPE 0"U, 0

0 0 0 0

0 0 0
z 0 0 0 0 0
0 0 0 0 0 0 0 0
I--
a: 0 0 0 0 0
u 0 0 0.J
W 0 0 0 0 0

0 0 0
0

FREQUENCY IN Hz

Fig. 5-6. A plot of example field data.

E•EQUIPMENT RESPONSE
TO SPECIFICATION
TEST ENVELOPE

SPECIFICATION

A TEST ENVELOPE

0

STRUCTURE
, RESPONSE

•/ EQUIPMENT

RESPONSE

FREQUENCY IN Hz

Fig. 5-7. A comparison of tne example system response to a test
envelope and normal response.
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structure. The imposed test envelope disallows the occurrence of the structural
antiresonance, thereby causing more energy to be forced into the equipment at its
resonance frequency than the energy which would be available in actual service.

Response Control

Response control techniques improve the simulation of mounting impedance
by controlling the laboratory test using specimen responses rather than specimen
input excitations.

A simple technique described by Curtis and Herrera [99] consists of "notch-
ing" the input spectrum. To "notch" the input spectrum means to reduce the
test input acceleration levels in selected frequency bands. The notched frequency
bands are those where specimen responses might exceed the levels which would
be reasonably expected if the specimen were mounted to its normal supporting
structure. The notched bands correspond to antiresonances and reflect the in-
ability of the in-service supporting structure to drive the specimen. This ap-
proach has an inherert problem in that the environmental engineer must find the
location of the critical specimen responses and select correspondingly appropriate
response levels.

Another response control technique was suggested by Vet [1001. It involves
the use of a suitable envelope of the ratio of test item response to test input vibra-
tion le eel. In his study Vet constructed a multi-degree-of-freedom analog com-
puter model using frequencies, damping, weights, and stiffnesses comparable to
the values expected in the case of an item of electronic equipment attached to a
missile or aircraft structure. He was unable to find any combination of param-
eters which yielded resonant amplifications exceeding 1 .5:1. The ratio of
1.5: 1 was also suggested by Salter [ 1011 to describe a suitable response envelope.

The latter approach suggests that a vibration test may be determined which
recognizes mechanical impedance by limiting the input excitation amplitude
(i.e., test fixture responses) so that critical specimen responses will not exceed
some "amplification factor" times the originally specified input test amplitude.
That is,

Vinput = [AF] Vspec (5-11)

where
Vnput -= the actual test level input to the spec'mini as a function of frequency

AF = an analytically or experimentally determined amplification factor,
which may be frequency dependent

Vspec = the specification input test level as a function of frequency.

An illustration of the effect of vibration test response limiting is provided by
considering the example system described in the previous section. Figure 5-7
may be replotted under the condition that the input acceleration will be
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controlled to yield equipment responses not to exceed 1.5 times the specification
input acceleration level. The resultant plot is given as Fig. 5-8.

EQUIPMENT RESPONSE TO
INPUT TEST ENVELOPE

\ , INPUT TEST
wI

S/ , t r" 
E N V E L O P E

W EQUIPMENT._.J
° RESPONSE

UyeCLu

FREQUENCY IN Hz

Fig. 5-8. The effect of response-limit testing of the example system
(compare with Fig. 5-7).

In addition to the problem of specimen response level and location selection,
test repeatability may suffer because minor assembly, structural, or design dif-
ferences may change the specimen's dynamic characteristics at the immediate
mounting of the response-monitoring accelerometer. The drawbacks to response
limiting greatly limit its usefulness as a general purpose test procedure.

A change of emphasis is needed in those cases where response limiting tech-
niques are applicable. Field test data should be taken to define equipment re-
sponses, rather than trying to determine an envelope of suitable input test levels.

Input Power Control

Input-power-control mechanical-impedance equivalence techniques involve
the control of input power to the vibration exciter. This approach may be used
directly or in combination with the response-limiting techniques described in the
previous section. It is based on the idea that an actual service vibration source has
a lim ited : . ,1' , ,y available w ith w hich to excite a m echanical system .

A , .•.: , usually consists of a num ber of levels, or orders, of
struci ,t, . ' Iew d' . ,. ,. ,,:lcr, of a m echanical system is that portion of a system
which ý an be id(.n1iiicd as a single region in an overall model of the system. For
example. aerodi'inllliL turbulence excites the skin of a missile (first level), which
drives the in ternal Structure of the missile (second level), which carries an equip-
ment mounting bracket (third level), to which is attached the case of an instru-
ment (fourth level), which supports a module chassis (fifth level), and the module
chassis is the mounting for a small component part (sixth level).
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Available excitation energy originates primarily from external stimuli and not
from dynamic properties of the mechanical system. The addition or removal of
relatively small equipment or components on secondary or higher order system
elements will not affect the availability of energy. Due to the limited amount of
excitation energy available, the response of any level of structure -. a function of
the response of both higher and lower orders of structure. That is, when one
order of structure exhibits an antiresonance, the next lower level will experience
small responses. When the higher order structure exhibits a resonance, the lower
level will not be as constrained and will experience larger responses. The same
effect is attempted in the laboratory by the technique of input power control.

Input power control is achieved experimentally by mounting a "dead mass"
on the laboratory vibration test fixture and plotting the exciter input power as a
function of frequency when the fixture is driven to some specified acceleration
level. A dead mass has the same weight (mass) as the test specimen, however,
it does not have significant resonant or antiresonant responses in the range of test
frequencies. The final test consists of vibrating the test specimen using the ex-
perimenrt ally derived power-vs-frequency curve to control the excitation source.

Figure 5-9a shows the exciter armature power required to cause the vibration
test fixture, when loaded by a dead mass, to respond to a specification input
acceleration level. Figure 5.9b shows how the exciter input power requirements
increase at specimen resonance if the vibration test fixture, when carrying the
specimen instead of the dead mass, is forced to respond to the same specification
input acceleration level. Figure 5-9c shows the response of the same hypothetical
specimen when the input power is controlled. Note that the vibration-fixture
acceleration level drops realistically at the specimen resonance, and the equip-
ment response is also lower at resonance.

One problem with input power control testing is that the specimen will be over-
tested at frequencies where it exhibits a low mechanical impedance. This tendency
can be partially eliminated by controlling input acceleration levels at the fixture in
addition to controlling input power to the exciter. The input acceleration level at
the fixture would he limited to the specification level at those frequencies where
there is a tendency to overtest. The effect of dual control is illustrated by Fig. 5-10.

Input Force Control

The technique of achieving a mechanical-impedance equivalence by input
force control is similar to the input power control method except that force is
substituted for power. If the force transmitted by the specimen's field-supporting
structure were known and if the force transmitted to the specimen by the labora-
tory excitation source could be measured, it would be a simple matter to control
the excitation source to provide a laboratory test where the dynamic loads
closely approximated those applied in the field environment.

The techniques of force control testing have been investigated by Painter
[981, Otts [102], Salter [1011, Murfin 11041, Belsheim and Harris I105 ,and
Ballard et al. [1061, among others.
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(a) Power required to achieve a specified (b) Specimen response to an unlimited-

fixiure response using a dead mass power vibration test
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(c) Specimen response to an input-power-

controlled test

Fig. 5-9. An example of input power limiting.

Painter suggested that both force and acceleration data be gathered in the

field and used for the control of laboratory tests, The laboratory excitation
source should not be allowed to exceed either the acceleration or force-field enve-

lopes. Another approach would employ input force control and also use the test
specificatiotn to determine acceleration response limits for the test fixture. The

result would he a test which is force control limited a•t specimen resonances and
acceleration limited at other frequencies. Fither of these approaches would be
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SPECIMEN satisfactory when the tested specimen
RESPONSE and supporting structure, have dellned
,• C C L E AT N S ELL C IF IE DCCE L ERATION and relatively invariant dynamic prop.

•.ACCELERATION

It .0 --- LEVEL e0 orties, 'hr measured force envelope
•0. 3•.s Z is a function of the combined dynamic

-S..... .\,- " properties of the suipporting structure

SINP P and the equipment 11051. When dy.
ACCELERATION LEVEL\ natnic properties change, as when an

- item of equipment is used in severalSdifferent vehicles, the measured force
ARMATURE POWER envelope will also change.

Otts 11021 considered the use of an
oeffective foundation mass located be.

FREQUENCY IN Hi tween the test specimen and the excita.

FIg, 5-I(0, An esxample (if ihput power and tion force, The advantages of this ap.
a.'el, ration contrfl. proach are that the specimen's response

will influence the response of the foun.
dation, and the response of the system is not affected by the armature characteris.
tics of the vibration exciter, A simple system representation is shown in Fig. 5.11.

For his work on a Scout rocket, Ott uised an
-M. SPECIME Intermediate structure to simulate the mass,

SPECIMEN spring rate, atnd damping characteristics of the
actual specimen supporting structure, Test data
revealed that at low frequencies, below 120 HI,

K ej the test was accurate, with nonrepresentative re-
sponses occurring at foundation antiresonances

Mf FOUNDATION and frequencies Above 200 Hi. The result of
this work illustrates that specilmeti responses

IF are Influenced by I'lundation dynamic charac-
li1g, 5.1. I A simplilled mechanical terislics which in turn uitist be accurately repro-
N)steil, duced to assure a valid test.

Another appitoach would he to duplicate
the specimen moutnting structure dynamics In the laboratory, using a multiniodal
fixture such as reported by Scharton 11071 -however, the development Iof these
str uet tries can he cost ly and titme consumting.

Another approach using mechanical-tmnp(dance theory and the usual field
acceleration data to compute the test input florce etnvelope was suggested by
Murfin 1104). This approach involves three steps:

1. Experimentally determine the specimen's apparent weight by per-
fornming a sinusoidal sweep test in the laboratory and measuring the applied
force and the specimen mounting-point acceleration history.

2. Use an envelope of field input acceleration data to compute the test fource:
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where iPy was determined in Stop I, and .P is the field input vibration envelope,
3. Perform the fini tost using the computed force of Step 2 as a specimen

input, and Hliut the specimen input acceleration to the field acceleration data
envelope.

Murfin'sapprouch negates the need for a foundation mass in the test; however,
the effects of field foundation muss will influence tile field vibration data used in
Steps 2 and 3.

Input force control techniques also suffer from drawbacks similur to other
mechanical-impedance techniques. One inherent assumption implicit in measur-
ingor controlling force or acceleration is that the measured (controlled) quantity
is taken at a single, well.deflned point, Unfortunutely, most specimens have two
or more mounting points which, i" u very accurate test wore required, would
need to he controlled individually yet produce proper magnitude and phase
relationships.

Vibroacoustic Testing

A recent testing technique employs large acoustic chambers to simulate
acoustic excitation levels on structures or portions of a structure, Vibro•aoustic
testing is a test method used to achieve realism rather than an interuction equiva.
lento. lHowever, the ohjective of vibroacoustic testing is to provide a method o•'
structuril excitation us complex as that which would be experienced in service.
Acoustic excitation of' a complete vehicle suchi as a spacecraft can yield an) uc.
curate duplication of mechanical impedances at individual equipmeint locations,
A listing of' current references on the subject ol acoustic testing is provided il
Table 5.2, The term ,ibroacostit' was used it introduce this paragcraph because
hi various instances the acoustically tested st ruct ure is simultaneously excited by
one or more directly cottplcd sources in addition to the acoustic noise,

In soMC cases the use Of acoustic facilitiCes was suggested for the purpose of
exciting structures which ure normally excited by mechanical muleas. Scharton
108 cautions thlat tile ieflliilency of acoustic excitation relative to mechanical
excitatlioi warrants serious COnsideratiOn,
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Table 5.2. Acoustic Testing References

A uthor Refi•rence J Date

Areas 109 1969

Kaphm 1 0, II I 19669

Elsen 112 1968

Maurer 113 1968

Poverloy 114 1968

Schurton and Yang 115 1968

Wren, e al. 116 1968

West, ot al. 117 1968

ilsi 18 1967

I.yYo 119 1907

Mueller and lidge 12( 1965

Pulukian 121 1965

Uldred 122 1964

Nolseux 123 1464

McGowtwan und Frusca 124 1963

MalhuH'ey and Sm14h 125 1()60



CHAPTER 6
VIBRATION TESTING APPLICATION

6.1 Preliminary Considerations

It Is not difficult to define a general criteria for a good test, but it is difficult
to ihplment such a test. A good test will create at failure in those equipmllent
items which fNil in service, with failures in both cases being similar, Conversely,
a good test will not produce a failure of those equipments which survive in serv-
ice. Based on these criteria, a good laboratory test must meet several require-
inents. The task of establishing a test for one equipmnent used in one application
varies significantly from the task of creating a general purpose test specification.

Plunkett 11261 suggested that environmnental test specifications should be tailored
to specific applications because a standardized specification procurement cannot
fulfill all requirements resulting from the variety ot eventualities which arise.
Silver 1971 noted that the currently used general purpose environnmental specifi-
cations are rarely representative of actual service conditions because arbitrary
levels are utilized to achieve reproducibility and standardization,

Iroin a specification writer's viewpoint there are several inmportant considera,
lions which miulst be accommodated by a general puipose specification: (a) it is
necessary to specify vibration requirenments in a comImion foral which will allow
conmparisot anmong sinilar designs, (b) it is necessary to have a simple and clearly
worded criteria by which It is possible to deline produnct quality requirements
contractually, (c) product design criteria often nust be defined before a service
environnment can be defined. (d) the product which successfully meets specified

criteria mnust perlorm under several service conditions when attached to various
structures, and (e) it is necessary to defline specification comipliance in terms such
that inspectors can determine whether or not a product meets the specified
conditions.

Harvey 11271 pointed out that because of tile nat re of current general purpose
specifications, in many Instances hardware is not designed to meet its service en-
vironment but rather Iteo pass a conservative test established to smluilate tile envii-oil.
nment. Unnecessary conservatism in establishing test mtargins can result in product

redesign and Increased test costs which are out of proportion to thie value of t lie
test, Othlner (I 181 observed that not all failures resulting from a general test
specification are significant. Redesign is not warranted unltll applicability of the
specllicationi Is reoviewod, test teclhiques are investigated, and the speellnen is
analyzed. Many variables must be considered In tile establishmenit of valid test
criteria. It is not a purpose of this monograph to discredit general purpose spec.
Ifications. They are necessary, hut they have weaknesses which should be

10O
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discussed. Because of these weaknesses, the general purpose vibration specifica-
tions should be reviewed to assure that test levels are nut established which will
lead to unnecessary cost or design change.

The technical and procedural aspects of vibration test selection and the per.
formance of vibration tests have been carefully documented In another mono-
graph of this series by Curtis, Tinling, and Abstein [53]. Duplication of the
material they have presented will be avoided here to the largest extent possible;
however, it will be necessary to discuss the interrelationship of vibration equiva-
lences and test selection.

6.2 Retention of Realism

Vibration testing, a term which is used regularly in this monograph, should
not be interpreted to imply that the vibration equivalences are of concern almost
entirely in the laboratory. A major need and use of vibration equivalence tech-
niques is for the translation of a field environment into design and test require-
menrts.

The selection of a proper vibration equivalence is situation dependent, and
many variables must be considered. Not only are technical aspects to be satis-
fied, but also the program or project phase must be considered, and likewise tile
objective or reason for forming an equivalence.

There are many correct approaches to defining an environmental situation
which involves vibratory excitation. The nature of the information available and
objectives of the involved environmental engineer usually lead to the selection of
the best approach for each situation. For example, the environmental engineer
who has overall responsibility for a product will be concerned with the control
of design and development activities such that the product will meet certain
performance goals. He should have access to relevant service history information.
In addition, he must define the desired service requirements. His goal is one of
defining a set of design and test specifications which will, when followed by indi-
vidual product design groups, lead to the development of a product (system)
v hich will meet the desired performance requirements.

A product design engineer mnay be responsible for using a given set of design
and test specifications and designing a product which will meet those specifica-
tions. His view of the overall project may not be comprehensive, however, he is
intimately familiar with the performance characteristics of his type of product.
In some instances lie may observe that minor modifications of the environ-
mental test specifications could lead to significant savings in time and cost rela-
tive to the design of his product, and would not necessarily compromise the
intent of the specification. In those cases it is important that he be able to com-
municate the changes and concepts to the originator of the specified require-
ments so that, where possible, the savings may be implemented.

The product design engineer may be faced with another problem, that of at-
tempting to determine whether an existing product will perform in a satisfactory
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manner when exposed to a new set of vibratory conditions. It is important in
this instance that he understands the potential failure mechanisms of his product
so that an appropriate set of equivalence techniques may be selected and applied
to simulate the changed environmental condition.

A test engineer may have access only to the product and a set of specifications,
and may be faced with the task of designing a test fixture and then testing to
meet the technical requirements as delineated in the specifications. If the test
engineer is neither the system environmental engineer nor the product design
engineer, then he has little choice other than to follow the exact word of the iest
specifications. Such a situation places a large burden on the specifications and
irOes not allow the test engineer the freedorm he may need to adjust the specified
test requirements to match the capabilities of his test equipment. In addition,
the critical details associated with test realism, i.e. mountiaig and fixture design,
may be implemented without an appreciation of the actual service condition;.
As a result of these factors it is important that the system and design engineers,
,as applicable, maintain continuous contact with the progress of each product
through all test phases.

6.3 Equivalence Technique Selection

A diagram was prepared to illustrate the interrelationships among the many
events involved in vibration simulation and testing. This diagram, Fig. 6-1, will
be used as a basis for the following discussion of equivalence technique selection
and application. The discussion will be maintained in general terms for the
purpose of preserving applicability to a wide range of products and environ-
mental situations. Hopefully, the discussion will be sufficiently specific to guide
the reader to the solution of individual problems which involve the application
of equivalence technology.

Each use of vibration equivalences is based on common theory, yet in each
case the objective for forming an equivalence is quite different.

Definition of the Service Environment

In many instances an accurate definition of a service environment is difficult,
primarily because there exist sources of excitation which cannot be either fore-
seen or controlled by the environmental engineer. These excitation sources,
depending upon the specimen under consideration, may include a combination
of sources, such as handling, transportation, acoustic excitation, gunfire, aero-
dynamic buffeting, rotating machinery, propulsion unit motion, or dynamic im-
balance. Regardless of the source of excitation it is necessary to characterize
the service environment in some manner to allow a rational evaluation of the en-
vironment and the probable reaction of specimens exposed to that environment.

The usual measured service data available are motion data; perhaps the mo-
tions of some element of the excitation source, or the motions of some element
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Fig. 6-1. Equivalence technique application.

of the Specimen, or both. For practical purposes the Source motion is sometimes

taken as the local motion of the structure which supports the specimen. Such
measurements are valuable because they may be categorized by frequency con-
tent as a function of time, and excursion as a function of frequency. Such
measurements may easily lead the unwary to believe that equipment response is
totally defined by motion data. As an illustration, consider the following state-
nient: "The specimen will perform satisfactorily in vehicle B because it performed
satisfactorily in vehicle A, and measured data from vehicle A indicate that the
supporting structure was developing acceleration amplitudes equal or above those
expected in vehicle B." The rationale may be valid if each of the following three
questions will receive an affirmative answer: Was the specimen's response inde-
pendent of the local stiffness of vehicle A? Will vehicle A and vehicle B be ex-
pected to respond to service environments in an identical manner at the
mounting location of the specimen? Will vehicle B be subjected to the same
service conditions as vehicle A?
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An affirmative answer to the first question would mean that the specimen is
of sufficient rigidity that it will respond as a unit to any combination of excita-
tions, varying in amplitude and phase, at the attachment points of the specimen
to the supporting structure. Such a situation may be approximated by a very
rigid specimen mounted to a very flexible structure.

The second question could be expanded to inquire: When the same specihen
is mounted in both vehicles, will each vehicular structure respond in an identical
manner at the location of the specimen? Again, the point of the question in-
volves the interaction of the structure of the specimen with the structure of the
vehicle.

The final question is merely an inquiry as to whether the measured service
data taken from vehicle A are an adequate representation of the vehicle A service
history, and whether the assumed (or projected) model of' the anticipated
vehicle B service is accurate. If, as usual, some doubt exists, the environmental
engineer should weigh the probability of service failure due to vibratory excita-
tion against the value of service success. Such a process of evaluation may be
only poorly quantized; however, this is the process used to establish design and
test margins based on judgment, and is a very important facet of vibration simula-
tion and test design.

When defining the service environment it is important to use measured specimen-
response motion data as an indicator of service history. These motion data are
valuable only if the sources of excitation and the mechanical impedance between
the specimen and the excitation sources are defined. Further, the reliability of'
such infom mation requires investigation so that a simulation of each facet ot
service environment may be duplicated in time and excitation (response) level.

As an aid to visualization, Fig. 6-2 was prepared to illustrate an example of
our hypothetical specimen, which was used in an existing vehicle A and will be
used in a new vehicle B. In both cases the vehicles will be excited by traversing
certain common terrain, source I , for which recorded data exist for vehicle A.
Also, the effects of another source of excitation common to both vehicles, gun-
fire, is designated as source 2. It is expected that vehicle B will traverse a more
rugged terrain, source 3, and it is necessary to estimate the response of' the speci-
men under these circumstances.

The specimen response spectra, I-A through 3-B. define the resultant motions
of the specimen under each circumstance. In two instances, excitation by source
I and source 2, the prime variable, other than perhaps differences in the duration
of excitation, is the difference in structural design between vehicle A and vehicle
B. In this case the interaction equivalence techniques of Chapter 5 are applied.
The reaction of the specimen to source 3 when mounted into vehicle B, desig-
nated as response spectra 3-B, is a projected service environment based on
knowledge of the specimen's response on vehicle A and the expected character-
istics of vehicle B.

In this manner the service environment, past and projected, is defined. The
primary contribution of the vibration equivalences is that they discipline us to
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S~Fig, 6-2. Definlng service e•nvironmlents, an example.

define the service environment in terms of th~e interaction of" the specimen with
the immediate environment, as well as to delfine specimen motion in terms of
level, frequency, and the duration of exposure Ut each level.

Representative Service Environments

With the service environments lefined, it is possible to combine these environ-
ments to form a representative service environment. This representative service
environment would be used as a basis for product design computations and the
definition of laboratory tests intended to simulate the service environment.

The service environment may be defined as either representative source excita-
tions or as representative response spectra. In either case the interaction relation-
ships between the forcing elements and the responding elements are of interest
equal to the motion information. Th~e objective of creating a representative serv-
ice environment is to establish a situation where a specimen will be allowed to
react in a manner which will duplicate the important characteristics of specimen
reaction under service-induced excitation,.

Irn most instances the excitation source for a specimen is the response of the
structure supporting the specimen when that structure is subjected to environ-
mental stimuli. The supporting structure will usually amplify the excitation
energy at certain frequencies and attenuate the excitation energy at other fre-
quencies. In addition, for a given specimen and supporting structure configura-
tion, the duration of exposure at different excitation levels at each response
frequency will provide an additional variable.

VrIL 81
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Thus it may be soon that the reduction of several service environments to one
or a few representative environments will require the cication of new excitation
(response) spectra, scaled in level at selected frequencies, and described by tile
duration of exposure at each frequency.

Interpretation of Acceptability Requirements

Acceptability requirements are those standards applied to a given specimen in
terms of acceptable specimen perfomance under a given set of service condl.
tions. Acceptability requirements appear in equipment specifications frequently
as specimen operational performance standards during or following the imposi.
tion of a vibration test which was designed to represent the service environment,
Acceptability requirements (recall Fig. 6.1 )are defined by the general performance
requirements of the system of which the specimen is an element. These general
performance criteria are restated in terms of the specific functions performed by
the specimen, and appear in the specimen's test specification.

After the acceptability requirements have been established, the vibration-
equivalence techniques are used to interprct these requirements in terms of
specimen design criteria. This interpretation involves a reduction procedure
which has as a goal the creation of a composite equivalence profile for the speci-
men. Once a reasonable composite equivalence profile has been formed, it is
possible to estimate the effects of various design concepts and variances in the
projected service requirements or testing requirements.

An early step in the formulation of a composite equivalence profile is to
identify the various critical processes which may lead to a failure of the specimen
to meet the acceptability requirements. Once these critical processes are identi-
fled and categorized as level sensitive, limited life, or interaction sensitive, they
may be individually modeled by the techniques described in Chapters 3, 4, and 5.
The resultant equivalence profile may become quite complex because different
failure processes may predominate at different frequencies, and the predominant
type of failure process at any one given frequency may change with excitation
level. Although the potential for significant complexity may appear to be a deter-
rent to the formulation of a composite equivalence profile, this complexity is
often unwarranted. For example, it is often discovered for a given specimen that
only one or two failure processes are the limiting processes which must be
modeled. Alternatively, it may be discovered that the service vibration spectra
are simple and very similar at the response frequencies of the specimen. Also, a
lightweight, rigid specimen may be involved which is not greatly influenced by
the design of +he exciting mounting struct tires to which it is mounted. Any of these
situations will greatly reduce the complexity of the composite equivalence profile.

Application of the Composite Equivalence Profile

The results of creating a composite equivalence profile are of importance in
equipment design because the most probable failure modes have been defined
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and the designer will know where to concentrate his efforts. Further, the equiva-
lence techniques may be used to compare the effects of various service conditions
by a comparison of the estimated specimen response to those conditions.

The composite equivalence profile is applied in testing as the basis for test-
time and test-type scaling, in tile prediction of specimen performance under dif-
ferent test conditions, and as a diagnostic aid in the event of a specimen failure.

A final and important use of the vibration equivalence techniques is in the
area of quality control, where simple yet meaningful specimen performance tests
may be designed and run to gain prior assurance that the specimen will perform
properly under service conditions.

6.4 Equivalences and Testing

Test Accuracy

There are several recognized problems which influence the degree to which
a test is an adequate representation of an actual or projected service vibration
environment.

A primary area of concern is caused by the tendency of many engineers to
place a great deal of importance on data gathered from the test of a single speci-
men. The data from a single engineering prototype or a first production item,
for example, are taken to represent the ability of all like items to pass certain
vibration test requirements. As observed by Small [129] , a main purpose of
laboratory vibration testing is to ensure adequate hardware reliability relative to
structural integrity and acceptable functional performance. The problem here is
that the testing of one specimen does not necessarily constitute an adequate
sample size to assure reliable service performance of like specimens. Figure 6-3
shows a simplified interrelationship between sample size, reliability, and confi-
dence level. For example, 30 samples of a specimen must pass a given test with-
out failure to achieve a 60% confidence that the tested specimen will have a
reliability of 0.97 under the tested conditions.

It is desirable to have a large number of test specimens so that incremental
stress level data can be gathered to describe a distribution of strength for the
tested item. Once this distribution and a distribution of vibration levels are avail-
able, one can predict with a high degree of confidence the percentage of failures
expected in service. Large sample sizes are practical and commonly used for small
low-cost component parts, but prohibitive costs are involved when attempting to
apply lot-sampling techniques to high-cost and low-production-volume products.
The result is a forced compromise because test data are necessary to show design
adequacy even if that data are indicative rather than an accurate representation
of p)roduct reliability.

Problems with service predictions arise because service data seldom exist at
every desired location and for every type of service history. Those vibration
tests where data are available were probably conducted on a limited number of
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Fig. 6-3. Sample size vs confidence level [129).

test items, frequently on a success/failure basis, and yield very little information
about distributions of strength. Some significant vibration histories are not
stationary processes and usual data reduction techniques are not adequate to
describe these processes. Also, test items are not usually subjected to three axes
of motion simultaneously, which occurs in service.

The practice of enveloping sets of predicted or measured structural response
data and using these envelope spectra as test excitation spectra is conservative.
This technique will eliminate [98,101,130] response valleys which may repre-
sent an interaction of the tested item with the mounting structure. Such an
approach ignores the fact that at certain frequencies the test item will tend to
act as a classical vibration absorber. At these frequencies, the test machine must
provide unrealistically high excitation forces to maintain the envelope vibration
levels.

One approach used to account for uncertainties and data scatter is to apply a
test level factor, or test margin, which is intended to lead to a calculated amount
of overtesting. While the selection of this factor is largely a matter of experience
and engineering judgment, the factors used for time-scale changes should be
based on cumulative-damage equivalence theory to avoid severe overtesting.

In addition to the above noted sources of potential inaccuracy in vibration
testing, several othe, errors may be introduced, such as minor assembly and
design variances of the specimen, accelerometer positioning, and erroneous test
execution and data reduction procedures. Many of these areas of potential in-
accuracy appear to be ignored to varying degrees by current testing practices.
The simplifying assumptions which have been used to form the vibration equiva-
lence techniques are also sources of potential inaccuracy. However, the known
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from Event 1 to Event 4. See Fig. 6-4 for a definition of events.

Fig. 6-5. Application of equivalence techniques to event diagram processes.
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inaccuracies introduced by the careful application of the vibration-equivalence
techniques should lead to less variability in test results than the unknown in-
accuracies now accepted in current testing practice.

Test Applications

A vibration test may be conducted for one or more of these purposes: (a) to
obtain necessary information for equipment design, (b) to evaluate the suitability
of a final design, (c) to demonstrate the capability and quality of a design, or (d)
to assure that initial product quality has been maintained during the production
of an approved design. Each requires individual consideration and may be
viewed differently by a customer (who originates a test requirement) and a sup-
plier (who must show that his product will meet the test requirement). There are
other factors which will influence the vibration test: (a) the level of assembly
which is to be tested, from the component through the unit, subassembly,
assembly, and overall system; (b) the nature of the acceptability or failure cri-
teria; and (c) the economic factors such as test and specimen cost, schedule, and
the cost of a failure-retest cycle. Each of these factors must be considered in the
design of a test to achieve the best balance for each test situation. Most of these
factors have been discussed earlier in this monograph or are factors which can be
most accurately evaluated by the individual who must design a test.

Regardless of the immediate factors which influence vibration test specifica-
tions and procedures, there is a general pattern of events associated with vibra-
tion testing. Environmental. engineers associated with vibration testing should be
aware of the existence of each event even though their immediate needs may
appear to encompass only a portion of the whole. The general pattern of events
associated with vibration testing is depicted by Fig. 6-4. This figure may be
used as a planning aid by considering each event in relationship to a specific
project.

A summary of the application of the vibration equivalence techniques to the
events of Fig. 6-4 is given as Fig. 6.5. The latter figure discerns between inter-
action equivalence applications and damage-based equivalence applications.
Those processes which are not listed in Fig. 6-5 may also involve an application
of equivalence techniques by implication.

Examination of Fig. 6-4, coupled with the information of Fig. 6-5, graphically
illustrates the relationship of the vibration equivalence techniques to the entire
area of vibration simulation and testing.



VHAM"TK
CONCLUSIONS

Ii wa~ huwit hat ~ui0ni te tlo% hua"~. hooll tsitwi In t~viallmiii tit the.i

tit 111y0 skippio tAnd Qlm liy Ow ti mti tit Apil-1y%)Outtwtvetuv. teanitsQ

andi r ttttiplWIWtl' %if 111v i fin, teill limi111 II tWOStil16111
I 'ttw~I Waus misoil thlQ%01111111 tilati" And t'.e istevtOifiareiti lway h av e w dWl

1, 'rit "Im uk'olmledptests livlttse tit piwa sdtt %lite e tstesgiatul pttiki")

"k, Ttioslttoakmlo dil betw otil .qn lbown alli awestpuittiao lstat* lttil 1ro A11

4,iI 1ttto nut*lvo ovttn"Iteiphl 11l aawptieI ls utlo pvt

I. lveite k'o il xinivauos mnt sotvdmol uwhol OVu' a Ow jimllivnhs Ofb10Owl
litil h lul l w al, tdwol itv oiwo %i~utdoanaat' siit oultyai

dotion ita In 101i114 U( Oil 04ttvateill alustoll10I Simiplot iublituto lowt 1114Y
ho deteiwd who itet tewlst uswdfl~altini is minnecossnily ýmnplox, The oI'~t'Ws tit
lolt 1111W acimolatitin 'niay ho 110noLItio, mill Cmiltmima~ins mtay he niato il th10
1011mtativ oailil'y utit~j''y difo t otittpinoill ill toMonittttltuis Uittdoi hmittoi

~ii~us~ivsteo oiqtlvalenucv 10011lituk alsil prt)VAijo a 1110411 tit' plodtvting
Otplipmoit lio(wilumwii~ thif at nrtucu~ roatiums w diffolont il st itc Iot oqi 0pitt'
11101111,

Nuino tifi'ttw vilriwuii outitvalonvol hay,, uni~vionae appltibiIity, Vach 11mat ho
lintuilet I limtaAllmik whoto a 011610 prtutttu11itaiit Whatimn lilk)u is must ado natoly
utosk~lilbot by tho0 selected 0qitvaleoico tochnitluo, Tb h* R 4ao and magni.i
tW&t equivaletices mamim ho appliedt indemont loy bil utt bena motod ill cwujuw.
thou wihi all intcrectimi todt1ihquo

Tle 1h1utunutiunl equivilletwo todiniqtol tile a1 yet kinly Ottempts it) appnixuh
mme iet bld e~.unidItiis, and itu onovi~aI movictatti~at intpodantwo equivalence lias
gahinud awpiaito. As a iostilt, c'uriont waling prtwthtos which emtploy A ahmlple
Moltion 4:0111101 input it) a lost spoecilnuot aft toosonably accurale if lteo Spovi
tttQiI'a suppottills Strucltwo is 1101 hufluonetOd by thle presene otf tile spOOcimen,
It', ho0WOwn thle lippawent waight ut' tile equipmentl aptit imales tit exceed% th141

117



I I~~ Iv~tl VAI I-Ni 1. 11. IItNtIQ11A -IN tINN ~lAt ItiINt lt,

foil 144tiV4l'lInttI~ 11114 ilooltit llt Owt IdoVI olilooC ilv dwIt ii Iuvto 61*111 4
~~ieaII ~ ~ 11111114m Int Ow V1VVIUlli hev'ot~~l~~~kl~ t Ito nuwlitit 1411voi itmhl~

tlooltn oil 1111vki 11#041 141 vtmIýt 9tdt4ItolowIItI .'IN W%411 A@~ iIUIto' hot, III
pt. 141#1 %l f it o~li 111ll Im d10 4

An~d I*4ttth1t0 Ilimiti~llit INIVA40 I 113 11 ~hotett 1 111ieutlfakaltowt~Iimmtw lftI lto
Nthii levtI, Plot Ii, Iuttolilli y QoQivialottthi~lk And 1#614"two Ofil Ultiolliv wilowl

ICVI-04w field ou~tlittlonk intt 1-441wilt #w owittimi~tl, Th 191gltMP t4i wol
olliawil andi tIutlittukta @ruildliobttR ad~t fillolt~ aC lt liI k CinIll~ itli anowtt@

MICW u~eCt~t~ It C~ Rt~C11WIv4l~II~t% loioltieitplok o elo nplta llF 1111 tI).fiQ41 to
Mekuoo I4 111 ui4vivo 11w 4,tI, w nol Aaildh ttit of 044lQClittC level, I1totI t Itavo Wel

1A11110~h 411011114 too l'twttii*04CV 111 iovdiomt~ hatloli Al # 4114 I ll ti ~woeI IIICIV , It On,~il
('ucilenid *14,I14141I141 431, willt AlouwC lwtnW4 Int*oatil lowIl loiitloll) howt

onl *I4ICnon twigiol iiti , Uvol e 1twVICI 1#1010CIVC~ A ol uoiiMU li4ttt dlwimin aCtkotttW
pullutot qutlII4~tll~IIC iC vd4IIolotw wakt, it ho dIl~cetiutttt, 11101 1%4110%

I.ICuoi4CVI I inV I@Vti fitot oIII VIVVC4I 1 110111 t111411woniI 4tlOoticiyt P0111411 kill

havoim¶ As giotutei tout ht) MUiinV Jill , it Will liv pteuaihl# 10 0111101ateoti

lilt lilt of wy4IukiI lit CIte 001tV1otisodt 0( tivalnv 0411'e V siCmtsIt Oft~w WvUIICituntdot~l

iTh 041~IVt~tlivt'Val~onwhtCI Inov~aodb it rite Cit WtlIVl itU b itatiptimlitio~ lit

wvtil~olit ill a~tulmo hoC~lvit, ttitloi i% liOsiblo tinly~ hy odlytil tit'0 it ~voly liti40
hailiit~iti of lool Itisloty, 110 mliwosvil 11141 bovaiol Wlda histillos %IA&N vt~tlic tlill
l1vei'itI ypwol kl Itltdit, vch~I ol wlh~itl ttoit unCitI itio~~iIil 11141 oulvait'itkt'v
liw existI in twoIC CljW il'oai ng IdIl4 owsevvi, equiuvaloiwoAV hoIwCCII loadling q)lWs
aft' tit-lkitits, ('iinutll I I~ Clottd thiat tlt'it isI lilt equivloiltvt,' beowivit hAt'l
liosmloM filAIIs loto jtttondom UonI shslldtC alul IO1ialiV5. A sinkltumd kIt it 11111 ON,

uffo. th141 is, 0 vriticzil alici ol tlelormtal loi level Whtic li it ýXvooilet duiing 110

Alm Q"1at 'aVat'itlut n w( t lIv idOt itl t hat l~serio lanout lituvsse hav a110411111
i t) CalP s,?I ol failu wilot~ ah t 10100 hu d iw ilk.itli o severl l ilt., i rIll oua ai ielsic

Of file vib~ret til et4UN4itleWO 10t1it~qills" (at) NOad type of vibration equialYoIvo
Is nol1 vithid in a RoiteraI sollit but ontial he itppield it) 11 SPOO spSitluationi lir
which it was derIved, (b) 11' a vibrt~oion eqluivlovle Is to be used. It mtust be to.
Waed to tile printuiry d~amage process or mufntat'icilon expcvted durngn the tosl, M~
it wonplex specium it ay 10quire file application oll' more thtan one type tit'



pqutv~tik* 411d the AdIA10111n lieimtytt 011111 bh ol tew0ea, Vtlit l aI iti*ian
andi with 1141 ~teI fl 104%t1 (Wp~ilw ilvyn dni taill it i 11111 mwnai atl III O'Niw

011101, ad iai th pItm titanl ullfiiltaait)' all hew" uIpiiltvvin vaioiabily whivh Vim,
Iitiulto ia tsa waiopollti ti~t lolt4114

A ~itoo loll wit tietintil a title whivil NO* %atlinen whtiti will (oil 6% amvto
ANt will niat (oil #anipint wuh ivi It wiammo)' fill wivive, Tho donilnltia wa
(tinl imile to W ootiivQ4, alillite To poetaNim A podut loll wo mmls ho Ab tt Ili d
aaviiho the enilllvl nAelto anivle able, Ita duhtalwe it In a test Isholowly, In Adiaii
timn Ht It llevolmoy tit tafaalflNa1ite suitable fantewtaah ol' Sr'vifalaiom, eta that
k4Awtavionlitoi sail mmaitwoll "Ita 10*111 defnat jIa1eit Wit b IsAlto

ploaaiavo hettilwat 'al alant lit tetoll i t11eti homilmtati
Swevtl wtaktivlo Wxit ant itat Wly~a i a'tn s~u tespt Am t oo 1% aýMst amy %Ili

Ov"ahtelo, Htawsvva it is 11mvsAa' ito diavm tteni isa that they 11111V ho avsalaies
itt the Wupmt *o4tet ghl4Ilbit Pit lptimtty wtakitmaueitsll ftaio a lavk 1)1 edo
41141f Noel data, IN tu mo f 11o lotttan'satul ltelol piaagtak. whigh itlikov the 11n10,
avliolat laqweoil 04111tI1'tatt mid litanituoe attenlui litt witit pliffolal stovikilatiaaah,
and'. attaaulaea kiiat litt 4"N010i4t0 teat Himi,

Tito votivopt tra~ais feeI& ~ to ituas 11148 ho i with voiAolotietat ill Owtth
t)'po it(t flilotoi ofr toilettt'ituti W11101h mnay aestth Ill tholo vtasee Wholte titaii1att,
tioan it howl depetmietit it Illay Nt asiviachieit W11 t4,111t1 POVpuin rrill MOW' at 0
Iaam~ lost 11111141 IQ~QI thmtt is se tia~l t aitlitiliatt lotoh 191 vit' 091(llt~aive Ill titati!
ilmoome 01`1`6114 itt dollion a ~toootl loll lahol 1Iieta, tuttle qalooliona thata 1ataaworu
andr it is taekoewty tit livo with unaalouamittiol Aovh lt da~ iut avallor antI 011*itapaiItt

'Till ,atutiooaprita w114 Ittoptrod tir pfolool a vulloiltt tavoviot (if' 1014ted Iltt
110folocttti satatoteed AvtlIvit iea in ean Ittipul 111111amod (if vilhtiatllli tutnol, vlriltata'l
etitainovoItt tQ9'hitittts ate iltuoi apptiatmcht wllvit til taikea tit pwlvtttk aott
4utitqctalo 1110 muatlls rat( WIVIi vibratilu voratditiolsaTtoa 1loervlev oft 10014at1110
tviovauit it) vibrtiramil oqtuiiaolofiveto~rptwieis tho thin~ktainga tiit'~ maycuahtlld pot.
Mills Whita IWWv turned tlteir 61ten100t1 It)a Venlcat t'aVtS at' vibrtlrajao 04%Ivu~aa~v.
It Is Oviriett thltt ttaUQII plutilss aale brvol olativi hill Ilutoi is tteeried



REFIURUNCEiS

I , L W, Kimo, "'Vilinitton Et tlivultow 1i'ae of 1 WI'tIo" Xfsh"A 11h 11"A wf39 (2),

Pre001% It iw of tht eurrnitil .quIvalenvM antd 0 linVA 90"1t1%1A of( Ilikt 1110111

1, N, M, Nowmak, "A Review of Ctei~vo Mi.nor Ini Follow," MON ##Wu Mu~if
o/ofMbh M17, Toehooh~y homa, NirnbilriIv, andi Wiley, Now Yorkt, 1952.,

A paper %wmnviint li eatly work In sowroiaive darnege and Mile
N, It, R Iwamnw, "Randomt Load Valitim Tesinsg A Slole-ot'th*-Ail Survey," Maw..
Oft.a IM1.. I INo, 41, 1044 (APr 19611)

Ptesents 11 stir~ Of 70 1sep.1 Oil MReeido fatigue 1@1111% With paperi win* classi'
(Wi biy typo osf 1eaino, Ittehidet in *Atenalw pnotal bil(ography,

4, (.11 Uohn, It, Ilatilrth, and K,. Potersonl 'IFallaut of Weall", Maitfor Aft! Mm,i.i 3
(No, 11, 103-039 OWb M%),

A Ihm'purt artiviie over~ingi tr-%uki nitiation, ersek litopqation, and practical
etigitweins aupeeta of fm.ttti, A thorosugh review of ratlilue knowiedpo up to
present date

S, 8, Mention, "I dtteuve A ('onpleh Subject-Somet Simple Approximations," AXpfr,
At Jul)' lobl
ReViews1 Qunfint research on fatigue Withi partivular emlphasis tin certain work
bWill dones at the NASA ILewis hosearvih Center

6, N, 11, Polakowahi and F, ), Ripling. Nov#4hiA .,.d SIn.'te..' ofbr~.p'.IgwMie.'..1Ia,
Pionlivo-1lsU, Inc., Englewood ClIiffs, NJ,, 1966,

A temtbook covering the applications of vqlneerhig tssaterials,
7, Ii, V' Longer, "Fat~ifu Failure Froms Stress CyVles of Varying Anmplitude," .1, .4ppI,

Aloe*, 4 (No, 4), A-160 to A-162 t1)et, 193)),
Investiatiols the u~s of' classical linear damage accumulation and describes the
fatigue proes a% conisisting of crack initiation and crack propagations,

8, S. It, ('rndall and W, 1), Mark, Rvtodw" VMratiato M, ldaiwtS~ei: Academlic
Pveis, Now York, 1963,

A lftndallitstlol textdbook couvvring rsandonm vibratiotn theory,
9, R, Christenlsell antI R, 111ellinfante, "Somse Consideration lit the larlgue Design of

Launchs and Spacecroft Structure%," NASA CK-242, June, 1965,
A review of present knowledge Ini dsigning to prevent fatigue failure. Expori.
nmental approac~hes are discussed including appendixes onl special topics lit fatigue,

10, J. iX lirocis, "Oin tho Winsging feCt~s of' Vibration,*' Miel and K/Ja.' Tech., Rer.
(No. 4) 3.20 (1968),

A brief survey of the backyround behind various theoretical fatigue life estimates
including tmethsods or' accounting for str'.ss concentrations, nonlinear resonances,
and interaction between resonances,

11, J, R. Fuller, "Cumulative Fatigue Damnage due to Varlable-Cycl.' Loading," Sh ick a
1%.b BudI. 19 (4). 2S3-273 (June 1961).

A cwumilatlve-damale hypothesis is presented wvherein the effect of various
stresses is to rotate the basic fatigue curve. Experimentul data were used to

12 .evaluate the hypothesis,
12 .M, Freudentisal, "Aspects of Cumulative Damage lIn Fatigue Design," AFML-TR.
67,1 12, Air rorce Materials Laboratory. Wright-Putterson AFB, Ohio, April 1967.

A survey or progress lit the field of cumulative damiage.

121



122 EQUIVALENCE TECHNIQUES FOR VIBRATION TESTING

13, M, A. Miner, "Cumulative Damage in Fatigue," J, Appi, Phyt 16, A-159 (Sept,
194S).

Presents theory and data rot a means of evaluating the cumulative effects of
cycles of stIess at various stress levels. A clauisal reference,

14, A. Palipen, "Die I.Aebnsa•luer von Kugellagerit," VDI Zeft, hrlfr 68 (No, 14),
339,441 (1924),

A historical rfefrence wherein the concept of linear damage accumulation is put
forth,

1S, J, R, Fuller, "Research on Techniques of Establishing Random Type Fatigue Curves
for Broad Band Sonic Loading," SAL Paper No, 67 IC, Apr, 1963,

Prsxints u method of relating 'onstant-amplitude stress-fatigue data to the life of
a structure under varying conditions of streu amplitudo,

16, F. E, Richart, Jr,, and N, M. Newmark, "A Hypothesis for the Determination of
Cumulative Damage in Fatigue," ASTMPc. 48, 767-798 (1948).

Gives corrections to Miner's rule by use of damage vs stress ratio plots for various
stress cycle patterns, Includes test data,

17. A. M. Froudenthal and R. A. Holier, "On Stress Interaction in Fatigue and a Cumula.
tive Damage Rule," WADC-TR-5849, Wright Air Development Center, Wright.
Patterson AFB, Ohio, June 1958, pp. 58.69 (AD 155687).

Authors consider the effect of stress interaction on current cumulative-damage
processes,

18. B. M. Hillberry, "Fatigue Life of 2024-T3 Aluminum Alloy Under Narrow and Broad
Band Random Loading," Ph, D. Thesis, Iowa State University, 1967.

Narrow- and broadband random tests were correlated to predicted results using
both Miner and Corten-Dolan hypotheses. Both gave unconservative results. As-
suming that a crack growth rate is proportional to the cube of stress and crack
length gave good results,

19. L. Kaechele, "Review and Analysis of Cumulatlve-l'atigue-Damage Theories." Rand
Corp. Memorandum RM-3650-PR, Aug. 1963.

Reviews several cumulative-fatigue hypotheses and classifies them as to type
(stress dependence and interaction), and concludes that none of the hypotheses
are completely reliable and that spectrum-type tests are required to verify designs.

20. L. W. Root, "Random-Sine Fatigue Data Correlation," Shock & Vib. Bull. 33 (2),
279-285 (Feb. 1964).

Discussion of a technique to predict a random fatigue curve from a sine fatigue
curve. Aluminum cantilever beams were tested to verify the calculations, and the
correlation was satisfactory.

21. S. A. Clevenson and R, Steiner, "Fatigue Life Under Random Loading for Several
Power Spectral Shapes," NASA TR-R-226, Sept. 1967.

The authors compare the effects of various power spectral spectrum shapes on the
fatigue life of a specimen.

22. T. Dolan and H. Corten, "Cumulative Fatigue Damage," a paper presented at the
International Conference on Fatigue of Metals in London, England, Sept. 1956,
sponsored by IME and ASME.

Presentation of a phenomenological hypothesis of fatigue damage with verifica-
tion by two-level test data. A resulting generalized analysis is presented as applica-
ble to any fluctuating amplitude stress history.

23. T. Dolan and H. Corten, "Progressive Damage Due to Repeated Loading," Fatigue of
Aircraft Structures; Proc., WADC-TR-59-507, Aug. 1959.

Authors present a fatigue-damage-accumulation hypothesis, as derived from their
earlier papers, and offer the fictitious fatigue curve Interpretation.

24. W. J. Crichlow, A. J. McCulloch, L. Young, and M. A. Melcon, "An Engineering
Evaluation of Methods for the Prediction of Fatigue Life in Airframe Structures,"



- ---- -

REFERENCES 123

ASD-TR,61434, Flight Dynamics Laboratory, USAF, Wright-Patterson AFB, Ohio,
Mar. 1962.

Authors present a review of 20 fatigue-damage-accumulation hypotheses and se-
lect 10 for evaluation. They use data from the literature plus testing to compare
the 10 hypotheses, The Miner theory appears to be most consistent approach,

25, S, R. Swanson, "An Investigation of the Fatigue of Aluminum Alloy due to Random
Loading," UTIA Report No. 84, University of Toronto Institute of Aerophyslcs,
Feb. 1963.

Presents results of extensive fatigue tests of 2024-T4 aluminum under random and
steady state loading.

26. I, F. Gerks, "Optimizution of Vibration Testing Time," NASA CR-77338, 1966.
Equivalence equations are derived for fatigue-damage hypotheses to relate sine
dwell, sine sweep and random. End.loaded cantilever beams were tested to field
spectrum plus sine dwell, sine sweep, and random equivalent tests,

27. F. R, Shanley, "A Theory of Fatigue Based on Unbonding During Reversed Slip,"
The Rand Corporation, P-350, 11 November 1952.

A basic paper wherein the author presents a cumulative fatigue theory on the
assumption that crack growth is an exponential process.

28. F. R. Shanley, "A Theory of Fatigue Based on Unbonding Diaring Reversed Slip,"
The Rand Corporation, Supplement to P-350, I May 1953.

A continuation of previous work discussed in an earlier paper.
29. H. Grover, "Cumulative Damage Theories," WADC-TR-59-507, Wright Air Develop-

ment Center, Wright-Patterson AFB, Ohio, Aug. 1959, pp. 207-225.
Reviews several cumulative damage theories which are supposed to improve on
Miner's theory but concludes that our present knowledge of fatigue theory does
not justify the use of these theories in most cases.

30. B. Lundberg, "Fatigue Life of Airplane Structures," J. Aeron. Sci. 22 (No. 6).
349402 (June 1955).

A discussion of aircraft fatigue life and failure theories.
31. S. Valluri, "A Theory of Cumulative Damage in Fatigue," Report ARL 182, Cali-

fornia Institute of Technology, Dec. 1961.
A quantitative theory of cumulative damage in fatigue based on an estimation of
the growvth of a dominant crack. The approach is applied to the order of load
applications, and to first-order random loading. Included test results show that
the predicted values are in reasonable agreement with test data.

32, S. Manson, J. Freche, and C. Ensign, "Application of a Double Linear Rule to
Cumulative Fatigue," NASA-TN-D-3839, Apr. 1967.

The double linear damage rule assumes that fatigue damage occurs in two phases
with each phase being governed by a linear summation of damage. Authors pre-
sent extensive data to support this theory.

33. A. Sorensen, Jr., "A General Theory of Fatigue Damage Accumulation," ASME
68-WA/MET-6, Dec. 1968.

Presents the development of a very general analytical model of a linear theory of
isotropic cumulative failure. The mean and alternating components of a waveform
are used to account for irregular stress-vs-time variations.

34. F. Shanley, "Discussion of Methods of Fatigue Analysis," Fatigue of Aircraft Struc-
tures; Proc., WADC-TR-59-507, Aug. 1959.

A mathematical theory of fatigue is presented from which stress analysis and
design methods can be developed. Theory is based on earlier papers by the author.

35. D. L. Henry, "A Theory of Fatigue-Damage Accumulation in Steel," ASME Trans. 77
(No. 6), 913-918 (Aug. 1955).

Presents an involved theory to predict the fatigue life of steel.

----- ----- -----



124 EQUIVALENCE TECHNIQUES FOR VIBRATION TESTING

36. I. Torbe, "A New Framework for the Calculation of Cumulative Damage in Fatigue,"
University of Southampton, Long Island University, Southampton, N.Y., ASAA Re-
port 1 t1, July 1959.

A discussion of the conditions %,nder which damage computations are valid,
37. E. Poppleton, "On the Prediction of Fatigue Life Under Random Loading," UTIA

Report No. 82, University of Toronto Institute of Aerophysics, Feb. 1962.
Reviews current methods of estimating fatigue damage and derives a new damage
equation based on the work of Corten and Dolan, and Torbe.

38. J, Kommers, "The Effect of Overstress in Fatigue on the Endurance Life of Steel,"
ASTM Proc. 45, 532-541 (1945).

A discussion of the effect of stress peaks on overall life of a specimen.
39. S. M. Marco and W. L. Starkey, "A Concept of Fatigue Damage," ASME Trans. 76

(No. 4), 627-632 (May 1954).
Authors present a discussion of fatigue damage processes.

40. A. Fruedenthal, "Fatigue of Materials and Structures Under Random Loading,"
WADC-TR-59-676, Wright Air Development Center, Wright-Patterson AFB, Ohio,
Mar. 1961.

Presents a fatigue-damage accumulation hypothesis based on interaction between
stress levels. This leads to a modified S-N curve which can be used in conjunction
with a Miner summation.

41. J. C. Levy, "Cumulative Damage in Fatigue-A Design Method Based on the S-N
Curves," J. Roy. Aeronaut. Soc. 61 (No. 559), 585-591 (July 1957).

Discusses use of material S-N curves for fatigue life predictions.
42. A. K. Head and F. H. Hooke, "Random Noise Fatigue Testing," International Confer-

ence on Fatigue of Metals, London, sponsored by ASME and IME, Sept. 1956, pp.
301-303.

Authors compare average peak stress data to normal S-N curves.
43. A. L. Eshleman, J. D. Van Dyke, and P. M. Belcher, "A Procedure for Designing and

Testing Aircraft Structure Loaded by Jet Engine Noise," Douglas Engineering Paper
No. 692, Douglas Aircraft Co., Long Beach, Calif., Mar. 1959.

Authors recommend an approach to aircraft acoustic noise suppression design.
44. E. Parzen, "On Models for the Probability of Fatigue Failure of a Structure," Stan-

ford University Technical Report No. 45, Apr. 17, 1959.
Author considers the stochastic nature of fatigue damage processes.

45. R. R, Gatts, "Cumulative Fatigue Damage with Random Loading," ASME 7Tans. J.
Basic Eng., Ser. D, 84 (No. 3), 403 (Sept. 1962).

Author finds that a straightforward phenomenological approach to cumulative
damage will yield good results.

46. R. R. Gatts, "Cumulative Fatigue Damage with Progressive Loading," ASME Paper
62-WA-292, 1962.

Examines the progressive loading fatigue test of E. M. Prot as used to accelerate
fatigue testing procedures.

47. F. Kozin, "Final Report on Statistical Models of Cumulative Damage," Midwest
Applied Science Corp., West LaFayette, Indiana, Report No. 64-17, 1964.

Author presents a cumulative-damage theory in which damage is considered as a
random variable, with the average damage being related to the area of the hystere-
sis loop formed during fatigue cycle testing.

48. A. L. Sweet and F. Kozin, "Investigation of a Random Cumulative Damage Theory,"
J. Mater. 3 (No. 4), 802-823 (Dec. 1968).

Authors present a cumulative damage theory based on hysteresis loop area.
49. C. M. Harris and C. E. Crede, eds., Shock and Vibration Handbook, McGraw-Hill

Book Co., Inc., New York, 1961.



REFERENCES 12S

A comprehensive threa'volumu set of papers covering most facets of shock and
vibration,

50, "Metallic Materials and Elements for Aerospace Vehicle Structures," MIL.HUIIKSA,
Department of Defense, Washington, DAC,, ehb. 1966.

A catalog of material properties, created as a joint effort of the Department of
Defense and the Federal Aviation Agency, which is a recognized source of mate.
rla properties data,

51, J. P, Don Hartog, Mechanical Vibrations, 3rd ed,, McGraw-Hill Book Co,, Inc,, Now
York, 1947.

A text on mechanical vibration theory and practice.
52, B. J. Lazan, "Energy Dissipation in Structures, With Particular Reference to Material

Damping," Structural Damping, papers presented at ASME annual meeting, 1959 (L,
E. Ruzicka, ed.), American Society of Mechanical Engineers, Now York, 1959,

A collection of papers,
53. A. J. Curtis, N. G. Tinling, and H. T. Abstain, Jr,, Selection and Perfornlance of

Vibration Tests, Shock and Vibration Information Center Monograph SVM-8,
Shock and Vibration Information Center, Department of Defense, Wasshington, D.C.,
1971.

A comprehensive discussion of vibration testing.
54. D. L. Cronin, "Response Spectra for Swooping Sinusoidal Ecitations," Shock & Vibh

Bull, 38 (1), 133-139 (Aug. 1968),
Approximate analytical expressions, which take into account the peak attenua-
tion due to sweeping and response outside of the sweep range, were derived for
the amplification spectrum of a sweeping sinusoidal excitation,

55. F. M. Lewis, "Vibration During Acceleration Through a Critical Speed," ASME
Trans, (1932).

Author describes response buildup at a critical speed relative to the rate of excita.
tion frequency change through that speed.

56. T. Smits, "Wear-Dependent Failure Rates and System Wearout Reliability Under
Non-Gaussian Random Loading," Inst. Environ. Sci. Proc. 1969, p. 98.

Author formulates the general wearout vibration problem and includes fatigue as
a special case. Paper includes some comments on accelerated testing.

57. J. Miles, "On Structural Fatigue Under Random Loading," J. Aeronaut. Sci. 21,
753-762 (Nov. 1954).

Author develops an equivalence between sine and random test levels based on
fatigue damage. This is a "classical" reference.

58. H. Spence and H. Luhrs, "Structural Fatigue Under Combined Slnusoidal and Ran-
dom Vibration," J. Acoust. Soc. Amer. 33 (No. 8), 1098-1101 (.Aug. 1961).

Authors perform Miles-type analysis to obtain an equivalent stress for a combined
sine-random vibration.

59. H. Spence and H. Luhrs, "Structural Fatigue Under Combined Random and Swept
Sinusoidal Vibration," Space Technology Laboratories, Redondo Beach, Calif., Re-
port BSD-TDR-62-8, Nov, 1961 (AD 6110-6141 -NU-O00).

Equivalence between random and sinusoidal sweep is obtained for an SDF system
using fatigue criteria. Curves have been plotted to simplify the analysis.

60. H. Spence and H, Luhrs, "Structural Fatigue under Combined Random and Swept
Sinusoidal Vibration," J. Acoust. Soc. Amer. 34 (No. 8), 1076-1081 (Aug. 1962).

Authors perform a Miles-type analysis to obtain an equivalent stress for a com-
bined swept sine and random vibration.

61. S. Kaufman, W. L. Lapinski, and R. C. McCaa, "Response of a Single Degree of
Freedom Isolator to a Random Disturbance," J. Acoust. Soc. Amer. 33 (No. 8),
1108-1112 (Aug. 1961),



126 EQUIVALENCE TECIINIQUES FOR VIORATION THSTING,

A discusAion of tits primary influence of a random excltation on a simple SDF
system,

62, M. Goutol, "Derivation or Shock and Vibration Testa Based on Moasurod Environ.
menth,"Shook A I.b, BudI, 31 (2), 25.33 (Mar, 1963).

Two approaches are described for use in simulating field vibration: (a) exact
duplication, and (b) simulation of damage,

63, C. F. Credo and F, J, Lunney, "Establishment or Vibration and Shook Teats ror
Missile Electronics as Derived From the Measured Environment," WADC Technical
Report 56-503, Wright Air Development Center, USAF, Wright-Patterson AFIl, Ohio,
Dec, 1956.

Authors introduce a Miles-type analysis and arrive at a constant relationship be.
tween random and sine vibration, Testing time and level are adjusted using fatigue
curve data.

64, C. E., Credo and E, J, Lunney, "The Establishment of Vibration and Shock Teats for
Airborne Electronics," WADC Technical Report 57.75, Wright Air Development Cen.
ter, USAI.', Wright-Patterson AFB, Ohio, Jan, 1958,

Data from several aircraft are used to arrive at several envelopees representing the
vibration environment.

65. N. Granick, "Choosing a Suitable Sweep.Rate for Sinusoidal Vibration Testing,"
NASA TN.D.709, Oct. 1961,

Suggests that the log sweep as presently used is based on Incorrect assumptions
relative to the magnitude of Q, and if changes of Q with frequency are taken into
consideration, a change in frequency proportional to the one-half power of fre-
quency should be used,

66. V. C. McIntosh and N. Granick, "Experiments in Random Vibration." Shock d I'ib,
Bull, 23, 80-87 (June 1956).

A description of random-vibration testing techniques.
67. R. M. Mains. "Damage Accumulation in Relation to Environmental Testing," Shock

& Vib. Bull. 27 (4), 95-100 (June 1959).
Author develops a generalized equation for damage accumulation under shock
and vibration, He also considers how changes in Individual parameters change
total damage. No data presented to support theoretical equation.

68. B. M. Hall and L. T. Waterman, "Correlation of Sinusoidal and Random Vibrations,"
Shock & Vib, Bull, 29 (4), 218-225 (June 1961).

An equivalence between sine sweep, sine dwell and random vibration is obtained
using the work due to damping forces.

69, L. T. Waterman, "Random Versus Sinusoidal Vibration Damage Level," Shock &
Vib. Bull. 30 (4), 128-139 (Apr. 1962).

Some additional derivations of equivalence equations are presented along with a
limited amount of experimental data.

70. 1. Gerks and M. Vet, "Quarterly Progress Report for Optimization of Vibration
Testing Time," MSFC Contract NAS8-1 1278, Collins Radio Co., Cedar Rapids, Iowa,
15 Jan. 1965.

Contains the detailed derivation of a Miles-type complete set of equivalence rela-
tionships.

71. T. Patrick, "Sweep Sine Wave Simulation of Random Vibration and its Effect on
Design with Particular Reference to Space Rockets," J. Sound and Vibration 5 (No.
1), 37-41 (1967).

Presents equivalence formula for sine and random vibration.
72. R. W. Mustain, "Prediction of Random Environments," SAE Paper 748B, Sept.

23-27, 1963.
Author reviews several of the classical techniques for predicting acoustic and
vibration levels. An equivalence between sine and random vibration is presented.
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73, Ii, Spence, "Random.Sine Vibration iquivalence Tests on Missile Electronic Equip.
ment," •nst. &8W0to, SO. PRX, 1960, pp. 501.560,

Presents experimental data from tour electronic equipments to verify random.sine
equivalence bald on the rais response of the equipments.

74, 1,, S, Jacobsen anti R, S, Ayre, N#0kjfrfng Vibr.ions, McGraw-Hill Book Co., Inc.,
New York, 1938,

Ani undergraduate textbook in mechanical vibrations,
75, W, I). Trotter, "An lExperimental Evaluation of Sinusoldal Substitutes for Random

Vibrations," Shork a I'b, Bull. 29 (4), .112 (June 1961).
Two forms of equivalence between sine dwell and random wore obtained using
equal tins responses. Fatigue tests and electronic malfunction tests were con.
ducted to verify the equivalence, and correlation was poor.

76X G. Kachadourian, "Spacecraft Vibration: A Comparison of Flight Data and Ground
Test D)ata," Shock A Fib, Bufl, 37 (7), 173.203 (Jan, 1968),

Author sujgests a technique, based on data from similar vehicles, which may be
used to establish test levels. Correction factors are applied to account for weight,
structurul, and acoustic level differenues.

77, C. T, Morrow, "Some Special Considerations in Shock and Vibration Testing," Shock
d Fib, Bull 23, 20.24 (June 1956),

This paper discusses briefly a number of special considerations in shock and
vibration testing, the philosophy of smooth specifications, the testing of compo-
nents vs parts, force vs acceleration or amplitude excitation, and the single.
frequency equivalent.

78, C, T, Morrow and R. B. Muchmore, "Shortcomings of Present Methods of Measuring
and Simulating Vibration Environments," Shock d Vib, Bull. 21, 89-96 (Nov, 1953),

Authors point out that many sources of vibration have a continuous spectrum and
methods of analysis based on only sinusoidal waveforms may not be valid. An
equivalence between random and sine dwell is obtained based on equal rms re-
sponse,

79. A. J. Curtis, "A Method of Equating Long Duration-Low Intensity and Short
Duration.High Intensity Random Vibration," Shock & Vib. Bull. 27 (4), 101-105
(June 1959).

Tile Rayleigh distribution is used to obtain an equivalence based on the number
of peaks above a certain level. The time is varied depending on the relative
spectral densities and the ratio of cutoff level to rms level.

80, R. E. Blake and M. W. Oleson, "Substitutes for Random-Vibration Testing," Shock
& Fib. Bull. 24, 338-343 (Feb. 1957).

The authors base equivalence, between swept sinusoidal vibration or swept nar-
rowband random vibration and wideband random vibration, on reproducing the
distribution of response peaks above some level, No experimental data are pre-
sented.

81. M. W. Oleson, "A Narrow-Band Random-Vibration Test," Shock & Fib. Bull. 25 (1),
110-119 (Dec. 1957).

Author suggests a test in which narrowband random vibration is swept logarith-
mically through the frequency range. Equivalence is based on producing a similar
distributions of peaks at high stress levels.

82. G. Booth, "Sweep Random Vibration," Inst. Environ. Sci. Proc. 1960, pp. 491-516.
An equivalence between swept random and broadband random is proposed using
cumulative distributions of peaks.

83. J. T. Broch, "Some Aspects of Sweep Random Vibration," J. Sound and Vibration 3
(No. 2), 195-204 (1966).
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Swoop random is made equivalent to wideband random by matching peak distri.
butions and equivalence to sine on an nns basis. Time scaling can be obtained by
cttanges in compressor speed.

84, G, Booth and J, T, Broch, "Analog Experiments Compare Improved Swoop Random
Test with Wide Band Random and Sweop Sine Tests," Shock d Fib. Bull. 34 (5),
67-82 (Fob, 1965),

Authors suggest the use of swept narrowband random as an equivalent of broad-
band random. The equivalence maintains the peak distributions in the 2o to 3a
region noarly equal. A technique is also presented to accelerate swept random
tests,

85. J. E. Foster, "Random-Sinusoidal Vibration Correlation Study," WADD-TV-61-43,
Wright Air Development Division, ARDC, USAF, Wright-Patterson AFB, Ohio, Feb.
1961,

Author attempts to correlate random and sine sweep vibration through the use of
signal degradation. Correlation was poor for the two items of equipment con-
sidered.

86. J. M. Brust, "Determination of Fragility to Meet Random and Sinusoidal Vibration
Environments," SAE Paper 430A, Oct. 1961.

Presents several techniques to define equipment fragility and attempts to obtain a
random-sine equivalence based on malfunctions.

87. A. J. Curtis and H. T. Abstein, "An Investigation of Functional Failure Due to
Random and Sinusoldal Vibration," WADD Technical Note 61-24, Wright Air Devel-
opment Division, ARDC, USAF, Wright-Patterson AFB, Ohio, Sept. 1961.

Authors attempt to achieve a malfunction correlation between random vibration
and sine sweep vibration on three items of equipment. Correlation was very poor.

88. A. Warren, "The Testing of Equipments Subject to Vibration; Further Considera-
tions," Armament Research and Development Establishment Report (L), ARDE,
Fort Halstead, Kent, Jan. 1960 (AD 235712).

An electrical analog of an SDF system is used to cz.,,.pare responses of actual
vibration and proposed laboratory tests. A narrowband swept random test is
suggested to simulate a broadband random test.

89. F. J. On, "A Theoretical Basis for Mechanical Impedance Simulation In Shock and
Vibration Testing," Shock & Vib. Bull. 33 (4), 47-53 (Mar. 1964).

Fundamental relations for impedance are given. It is suggested that the impedance
c ' the specimen's foundation should be considered in developing vibration tests.

90. L. J. Pulgrano, "Impedance Considerations in Vibration Testing," Shock & Vib. Bull.
31 (2), 236-244 (Mar. 1963).

The author points out that the assumption of negligible specimen impedance
inherent in the motion input approach to vibration testing is often unsatisfied.

91. A. G. Piersol, "The Development of Vibration Test Specifications for Flight Vehicle
Components," J. Sound and Vibration 4 (I), 88-115 (1966).

A review of various procedures currently employed in developing test specifica-
tions. Typical shortcomings are noted and several equivalences are reviewed.

92. J. P. Salter, Steady State Vibration, Kenneth Mason, Publisher, 13-14 Homewell,
Havant Hants, 1969.

A discussion of the physical aspects and problems of mechanical vibration.
93. R. Plunkett, "Mechanical Impedance Methods," a series of papers presented at a

Colloquium on Mechanical Impedance Methods for Mechanical Vibrations, ASME,
Dec. 1958.

94. R. E. Blake, "The Need to Control the Output Impedance of Vibration and Shock
Machines," Shock & Vib. Bull. 23, 59-63 (June 1956).

Author points out that neglect of the effects of impedance generally leads to tests
which are far more severe than any field conditions.
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95. J, Salter, "Problem Areas in Dynamic Testing," Inst. Environ. Sci. Proc. 1963, p. 49.
Author questions validity of present vibration specifications, based on the en-
velope of the field data, which do not allow tested equipment to react in a normal
manner.

96. 1. Vigness, "Measurement of Equipment Vibrations in the Field as a Help for Deter-
mining Vibration Specifications," Shock & Vib. Bull, 33 (3), 179-181 (Mar, 1964).

Several practical solutions to the problem of translating field vibration data into
specifications are suggested, one of which is to make measurements of the re-
sponse of structures in the field,

97. A. J, Silver, "Problems in Adding Realism to Standard Specifications," Shock & Vib.
Bull, 34 (4) 133-136 (Feb. 196S).

Author suggests that present military environmental specifications rarely are rep-
resentative of actual hardware service application.

98. G. W. Painter, "Use of Force and Acceleration Measurements in Specifying and
Monitoring Laboratory Vibration Tests," Shock & Vib. Bull. 36 (3), 1-13 (Jan.
1967).

Provides the results of vibration tests conducted on a simulated equipment
mounted in a section of an aircraft fuselage and then mounted to a rigid fixture
on a shaker. Both input force and input acceleration were measured during the
vehicle test. The envelopes of the acceleration peaks were used as inputs during
the shaker tests.

99. A. J. Curtis and J. G. Herrera, "Random-Vibration Test Level Control Using Input
and Test Item Response Spectra," Shock & Vib. Bull. 37 (3), 47-60 (Jan. 1968).

Authors proposed that large assemblies such as electronic racks be tested using a
broadband input spectra in conjunction with a limit curve for response ampli-
tudes. The input would be notched at frequencies where the response exceeded
the limit curve.

100. M. Vet, "Shortcomings of the General Purpose Vibration Specification," Collins
Engineering Report 523-0757517-00181M, Collins Radio Co., Cedar Rapids, Iowa,
Dec. 1964.

Presents arguments against input control vibration tests. It is suggested that equip-
ment response be limited to account for vibration absorber phenomena.

101. J. P. Salter, "Taming the General-Purpose Vibration Test," Shock & Vib. Bull. 33 (3),
211-217 (Mar. 1964).

Author points out that the acceleration levels quoted in many of the general
purpose vibration test specifications are based on measurements made at vibration
antinodes. Where this is so, there is no justification for permitting the acceleration
level at any of the attachment points to exceed the level quoted, or for permitting
the applied force to exceed a computable value.

102. J. V. Otts, "Force-Controlled Vibration Tests: A Step Toward Practical Application
of Mechanical Impedance," Shock & Vib. Bull. 34 (5), 45-53 (Feb. 1965).

Author suggests controlling foundation mass (electronically simulated) and force
input to allow test item to interact with its foundation in a manner similar to
actual field usage.

103. C. Nuckolls, "An Approximate Method of Simulating Mechanical Impedance in Vi-
bration Testing," Inst. Environ. Scl. Proc. 1965, Apr. 1965, pp. 477-581.

Author presents techniques for simulating foundation impedance during electro-
dynamic vibration tests.

104. W. B. Murfin, "Dual Specifications in Vibration Testing," Shock & Vib. Bull. 38 (1),
109-113 (Aug. 1968).

Suggests using the envelopes of both force and acceleration data to specify a
vibration test.
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105. R. 0. Belsheim and J. J. Harris, "Apparent-Weight Measurements of Rocket Payload
and Test Structures," NRL Memorandum Report 1099, Naval Research Laboratory,
Washington, D.C., Dec. 1960.

A detailed description of impedance measurements on rockets and payloads.
106. W, C. Ballard, S. L. Casey, and J. D. Clausen, "Vibration Testing with Mechanical

Impedance Methods," Sound& Vib. 3, 10-21 (Jan. 1969).
Authors present the results of analytical and experimental studies of the dynamic
properties of typical floors and computer input/output equipment.

107. T. D. Scharton, "Development of Impedance Simulation Fixtures For Spacecraft
Vibration Tests," NASA-CR-1351, May 1969.

Recommends the use of multimodal vibration fixtures which more nearly match
the impedance of actual mounting structures.

108. T. D. Scharton, "A Letter Response to the General Author Survey for Monograph
Data,". July 24, 1969.

109. N. Arcas, "Prediction of Stress and Fatigue Life of Acoustically-Excited Aircraft
Structures," Shock & Vib. Bull. 39 (3), 87-97 (Jan. 1969).

Author extends a method proposed by Clarkson for predicting rms stresses on
aircraft structures that are excited by high-intensity noise.

110. S. Kaplan, "Integrated Structural and Dynamic Testing Plans for a Large Inter-
planetary Spacecraft," Inst. Environ. Sci. Proc. 1969, p. 565, Apr. 1969.

Author advocates a full vehicle acoustic test early in a program to check the
correctness of assumed vibration test levels. Acoustic testing of entire vehicle is
said to eliminate vehicle random vibration testing.

111. S. Kaplan, "Criterion for Estimating Spacecraft Shroud Acoustic Field Reductions,"
J. Environ. Sci., 27-29 (Feb. 1969).

Author presents a curve derived from experimental data which is used to estimate
the acoustic noise reduction due to shrouds.

112. W. G. Eisen, "Random-Vibration Response Data for Orbiting Geophysical Observa-
tory: Flight, Acoustic and Vibration Test," Shock & Vib. Bull. 37 (3), 21-45 (Jan.
1968).

Although random vibration tests of spacecraft give satisfactory simulation of
flight loads, acoustic tests are recommended since they give better simulation.
Experimental data are presented to support this conclusion.

113. 0. F. Maurer, "Facility Sonic Fatigue Proof Testing," Shock & Vib. Bull. 37, Supple-
ment 43-62 (Jan. 1968).

An extensive description of the acoustic test of a full-scale wing section. Simula-
tion was based on reproducing the acoustic spectra at several points and a Miles
analysis was used in accelerating the test.

114. R. W. Peverley, "Vibroacoustic Test Methods for Vibration Qualification of Apollo
Flight Hardware," Shock & Vib. Bull. 37 (5), 153-166 (Jan. 1968).

A 1800 segment of the Apollo Service Module (SM) was subjected to acoustic
inputs to simulate flight vibration levels.

115. T. D. Scharton and T. M. Yang, "Substitute Acoustic Tests," Shock & Vib. Bull. 38
(1), 115-124 (Aug. 1968).

Large-scale acoustic tests are replaced by multipoint mechanical vibration tests by
simulating the power flow to the test item. Limited experimental verification is
presented.

116. R. J. Wren, W. D. Dorland, J. D. Johnston, and K. M. Eldred, "Concept, Design and
Performance of the MSC Spacecraft Acoustic Laboratory," NASA TM X-58017. Mar.
1968.

Discussion of the design and performance of an acoustic fatigue facility used for
testing the Apollo configuration.
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117. J. West, H. Oder, and R. Nicholas, "Apollo CSM 105/AV Acoustic and Vibration
Test Program," Space Division Report SD68-466-1, North American Rockwell Cor-
poration, El Segundo, Calif., Sept. 1968.

Includes an engineering evaluation and data on acoustic and vibration testing.
Used as a basic reference for various vibroacoustic papers.

.118. R. B. Bost, "Prediction of Flight Vibration Levels for the Scout Launch Vehicle,"
Shock & Vib. Bull. 36 (5), 85-95 (Jan. 1967).

A least.squares fit of measured data (acceleration vs SPL) is used to predict
acceleration levels from known acoustic levels. The 95-percentile curve is used to
give a conservative test.

119. R. H. Lyon, Random Noise and Vibration in Space Vehicles, Shock and Vibration
Information Center Monograph SVM-1, Shock and Vibration Information Center,
Department of Defense, Washington, D.C., 1967.

An authoritative monograph on random noise and vibration.
120. A. Mueller and P. Edge, "Laboratory Simulation of the Combined Acoustic Vibration

Environment of Launch Vehicle Onboard Electronic Equipment," Inst. Environ. Sc.
Proc. 1969, p. 229.

Authors used an air jet to excite equipment for the purpose of reproducing both
vibration and acoustic inputs simultaneously.

121. J. H1. Putukian, "Simulating Missiie-Firing Acoustical Environment by Equivalent
Mechanical Vibration," Shock & Vib. Bull. 34 (5), 83-91, (Feb. 1965).

The acoustic test was replaced by a mechanical vibration test which produced an
equal response at some point in the equipment.

122. K. Eldred, "Problems in the Laboratory Qualification of Structures and Equipment
Exposed to Intense Acoustic Environments," Inst. Environ. ScL Proc. 1964, p. 321.

The duplication of acoustic input levels during test does not guarantee a satis-
factory test. Consideration must be given to responses of item with appropriate
adjustments of input levels.

123. D. U. Noiseax, "Simulation of Reverberant Acoustic Testing by a Vibration Shaker,"
Shock & Vib. Bull. 33 (3), 125-136 (Mar. 1964).

Author describes the random-noise testing of structures by using a mechanical
shaker. This is achieved by mechanically reproducing measured or predicted re-
sponses to the original acoustic input.

124. P. R. McGowan and R. Frasca, "Structural Design for Acoustic Fatigue," ASD-TDR.
63.820, Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio, Oct.
1963.

Authors develop a series of design iinmographs for fatigue design of typical air-
frame structure. Random and sine fatigue data are equated using a Miles analysis
und numerical integration.

125. P. T. Mahaffey and K. W. Smith, "A Method of Predicting Environmental Vibration
Levels in Jet-Powered Vehicles," Shock & Vib. Bull. 28 (4), 1-14 (Aug. 1960).

Authors present a regression analysis of vibration vs acoustic levels on the B-58
aircraft. This is a classical paper in the flight-vehicle vibration-prediction field,

126. R. Plunkett, "Problems of Environmental Testing," Shock & Vib, Bull. 25 (2), 67-69
(Dec. 1957).

Environmental testing is mainly a comparison proces' and cannot be expected to
qualify systems and components for field service. The designer, inspector, and

contract negotiator must recognize the arbitrary character of this type of test and
appreciate the proper role of suitable specification waivers and modifications,

127. W. Harvey, "Specifying Vibration Simulation," Inst. Environ, Sct. Proc. 1964, pp.
407416.
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APPIENDIX
SYMBUOLS AND NOTATION

A A constant defined in the text
A4F Amplification Nxvtut
AG Amoletation gradient

b ~Negative revipriocal atop. or logarithmic SWN diauram
8 blandwidth

Darn~phi
r A constant defined In the text

D Denier
D Dynamic mo1duiua

0 Distance front tits neutral axis
exp () Natural or naperlan P raised to the bracketed power
A' Modulus of elasticity
N1 I Eixpected value of quantity In brackets

Characteristic frequency
A Natural frequency

F Force
P RSforce

it The local acceleration of gravity
h Crack depth
1I( ) Response magnification function
I Moment of inertia
T A stress interaction factor
K Spring rate

Q Slope of loading spectrum curve, from Lundberg
M Number of damage nuclei

Ai A generalized muss
M Mass or moment
P Mobility
n Number of cycles
N Number of cycles to failure
P An experimentally determined constant
IN I Probability density of quantity in brackets
q A scale factor
Q Resonance transmissibility
r Rate of crack propagation or ratio of peak sine to rms random stress
R Ratio of lower to high crack propagation rates

A Receptance

133
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S A scIae NkIlor or sweop parameler

,S RMS aieu
t Time
T Time to failure

U lKnerly

V A vibration acceleration in gi's, i.,, the ratio of the applied aocelera-
tlion to the local acceleration of gravity

P (RMS vibration acceleration
W Work
r Apparent weight
Wl I Tie power spectral density of the bracketed quantity
X Ratio of two quantities
y A spatial coordinate

Velocity in the spatial coordinate direction
,' Atceleration In the spatial coordinate direction
Z Mechanical impedance
P Rate of change of compressor speed
1 Number of cycles in a transient
ri I Gamma function of the type shown in brackets
7 An experimentally determined factor in Shanley fatigue theory
As Mean stress or change in stress
e Strain
0 Impedance angle
X, Ratio of cycles at higher load to total number of cycles
K A constant
a Standard deviation
6 Ratio of actual to critical damping
W Angular frequency
•on Natural angular frequency

Superscripts and Subscripts

a An experimentally determined exponent
d The Corten-Dolan experimentally determdned exponent
e Equivalent
f Failure
h Higher
k An exponent
9 Level dependent
i, I, m, n Indexes
o Original condition
r Random
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SStreu dependent
SSinusoldal dwell

is Sinutsldal 4weep

Peak amplitude
x An experimentally determined exponent in Shanley fatigue theory
a An experimentally evaluated exponent

An experimental exponent

The terminology and symbolism used to achieve compact notation is as

follows:

amplitude of vibration input, g's

%-",k- i--• index of summation, i.e., there are i different environ.
ments

type of vibration, sd sine dwell, r - random, and
ss = sine sweep

initial history prior to equivalence

[V Scondition of equivalence
W[VI~

defines the random environment in terms of power
spectral density as a function of frequency for the
bracketed parameter

~j, 0f the jth frequency component of the ith vibration history



ANNOTATED BIBLIOGRAPHY

W. N. Allen and W. Wagnon, "Saturn Guidance, Control and Instrumen-
tation Equipment Test Philosophy," Shock & Vib. Bull. 30 (4), 22.23
(Apr. 1962).

Saturn vibration tests have evolved from prior missiles. Safety factors of
two have been used to account for scatter in prior results.

2. J. W. Apgar and R. D, Baily, "Preparation and Analysis of Munson Road
Test Tapes for Laboratory Vibration Tests," Shock & Vib. Bull. 31 (2),
64-76 (Mar. 1963).

A program is described to correlate the vibration requirements for
vehicular mounted equipment in MIL-E-4970 with the vibration
experienced on the Munson test courses.

3. J. A. Bailie, "Shock Testing to Simulate Random Vibration Peaks," Shock
& Vib. Bull 35 (6), 1-10 (Apr. 1966).

A shock test is developed to simulate short bursts of nonstationary
random vibration. The equivalence is based on the single highest peak.

4. W. Baird and R. Blake, "Derivation of Design and Test Criteria," Inst.
Environ. Sci. Proc. 1969, pp. 128-138.

Test criteria reflect the influence of different parties who are involved
in the design of a system, and in most cases the design and test criteria
are prepared using incomplete data.

5. E. F. Baird, M. Bernstein, and D. E. Newbrough, "Development and
Verification of the Apollo Lunar Module Vibration Test Requirements,"
Shock & Vib. Bull. 37 (5), 105-115 (Jan. 1968).

Both acoustic and vibration tests were conducted on the LM vehicle
with the vibration responses at equipment being monitored. These
measured levels served as input levels for equipment vibration tests
except that low-frequency random vibration was simulated using a sine
sweep.

6. R. L. Barnoski, "Probabilistic Shock Spectra," NASA CR-66771, Dec.
1968.

Author uses digital computer to obtain shock spectra for random
shocks (modulated random noise). Square-wave, half-sine and triangular
wave pulses are used for envelopes.

7. R. L. Barnoski and J. R. Maurer, "Mean-Square Response of Simple
Mechanical Systems to Non-Stationary Random Excitation," J. Appi.
Mech., Paper No. 69-APM-25, 1969.

Authors consider the use of unit step and rectangular power spectral
density envelopes to obtain transient responses to random noise.

137
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8. R. Barnoski, "Time Dependence of the Maximum Structural Response
Under Random Loading," Inst. Environ. Sci. Proc. 1969, p. 92.

Author defines a method to predict the time to achieve a first response
above given level for a linear system subjected to a stationary random
input.

9. M. J. Baruch and S. Davis, "Implications of Spacecraft Vibration
Qualification Testing Requirements on Structural Design," Shock & Vib.
Bull. 35 (2), 203-219 (Jan. 1966).

A lumped-parameter dynamic analysis of the Advanced Orbiting Solar
Observatory is presented with predictions of responses to vibration test
levels.

10. M. R. Beckman, "A Critique of the Techniques used In the Measurement,
Analysis, and Simulation of Missile Vibration Environment," Shock & Vib.
Bull. 28 (4), 157-164 (Aug. 1960).

The vibration qualification tests such as usually performed on missile
equipment in the laboratory typically are found different from actual
flight environments. Some causes for the difference may be found in
the confusion that exists within the fields of vibration measurement,
data analysis, and laboratory simulation. Even more important is the
lack of coordination that exists between these specialties.

11. R. Belsheim and J. Young, "Experimental Measurement of the Table
Impedance of a Large Electrodynamic Shaker," NRL Memorandum
Report 974, Naval Research Laboratory, Washington, D.C., Oct. 1959.

Authors present apparent weight measurements for a moderate-size
vibration machine.

12. J. Bendat, "Probability Functions for Random Responses: Prediction of
Peaks, Fatigue Damage, and Catastrophic Failures," NASA CR-33, Apr.
1964.

A mathematical derivation of relationships from random process theory
with a discussion of the basic assumption.

13. R. E. Bieber and J. H. Fairman, "Random Fatigue Data," Shock & Vib.
Bull. 31 (3), 32-38 (Apr. 1963).

Authors discuss test procedures based on random fatigue data.
14. Z. Birnbaum and S. Saunders, "A Probabilistic Interpretation of Miner's

Rule," University of Washington Tech Report No. 49, Apr. 1967.
The authors exhibit conditions under which Miner's rule is on the
average conservative or unconservative.

15. R. E. Blake and M. W. Oleson, "Studies of Random Vibration," Shock &
Vib. Bull. 24, 133-142 (Feb. 1957).

Authors discuss the necessity of peak notch filters and calculations of
required amplifier power.

16. R. E, Blake, "A Specification Writer's Viewpoint," Shock & Vib. Bull. 27
(4), 91-94 (June 1959).
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Specifications should be such that the resulting tests are representative
of service environments, the equipment passing those tests should not
fail in service, and the expected statistical variation of similar
equipment should not cause a failure in service. Actual tests are shown
to be a compromise between the above and contractual constraints.

17. R. E. Blake and T. Ringstrom, "The Influence of Mass and Damping on
the Response of Equipment to Shock and Vibration," Shock & Vib. Bull.
28 (4), 15-19 (Aug. 1960).

Current practice in designing for shock and vibration environments is
conservative because impedance effects have largely been neglected.

18. G. B. Booth, "Relationships Between Random Vibration Tests and the
Field Environment," Shock & Vib. Bull. 31 (2), 164.171 (Mar. 1963).

Author hypothesizes that vibration tests of greatly differing character
can only be compared in terms of the responses of elements of typical
devices to these tests.

19. D. Bozich, K. Eldred, and R. White, "Empirical Correlation of Excitation
Environment and Structural Parameters with Flight Vehicle Vibration
Response," AFFDL-TR-64-160, Air Force Flight Dynamics Laboratory,
Wright-Patterson AFB, Ohio, Dec. 1964.

Vehicle response at low to medium frequencies can be handled by
analytic models, but higher frequencies require a statistical approach
due to the high density of frequencies in any given interval.

20. B. S. Bradford, "To What Extent is the Missile Vibration Environment
Truly Random?" Shock & Vib. Bull. 24, 315-317 (Feb. 1957).

Author notes that missile vibration tends to be random vibration.
21. C. R. Bumstead, "The Pros and Cons of Random vs Sinusoidal Testing,"

Shock & Vib. Bull. 24, 333-334 (Feb. 1957).
Author concludes that both sinusoidal and random vibration have a
place in the design process. Quality control and development tests
should be sinusoidal, whereas random testing is more appropriate for
other types of tests.

22. S. Bussa, "Fatigue Life of a Low Carbon Steel Notched Specimen Under
Stochastic Conditions," Master's Thesis, Wayne State University (MTS
900.21-1), 1967.

Author discusses the influence of mean stress, rms stress, irregularity
factor, and frequency ratio on fatigue life under random vibration.
Fuller's hypothesis for fatigue damage accumulation is checked against
data with good results.

23. W. Butler and F. Condos, "A Critical Analysis of Vibration Prediction
Techniques," Inst. Enviror, Sci. Proc. 1963, p. 321.

Authors show that vibratiun response predictions based on pressure and
mass ratios yield poor to good correlation at various points in a missile.

24. T. G. Butler and A. J. Vilasenor, "Use of Shock for Low Frequency
Vibration Testing," Shock & Vib. Bull. 34 (3), 253-258 (Dec. 1964).

4L
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Authors analyze several types of waveforms in order to reproduce ar
arbitrary line spectra.

25. J. A. Callahan, "Gemini Spacecraft Flight Vibration Data and Comparison
with Predictions," Shock & Vib. Bull. 35 (7), 67.76 (Apr. 1966).

Actual flight data are compared to levels extrapolated from Project
Mercury data.

26. J. A. Callahan, "The Use of Mercury Data to Predict the Gemini Vibration
Environment and Applications to the Gemini Vibration Control Program,"
Shock & Vib. Bull. 33 (1), 15-33 (Feb. 1964).

Author describes vibration data taken from the Mercury-Atlas flights,
extrapolation of this data for the Gemini vehicle, and methods of

applying the predicted levels to design and testing.
27. H. Cary, "Facts from Figures-The Value of Amplitude Distribution

Analysis," Inst. Environ. ScL Proc. 1968, p. 49.
Author presents data which will predict different lives at identical rms
stress levels for random fatigue where the distribution of peaks is
different. He hypothesizes that equal rms and identical distributions
would give identical lives.

28. A. Chirby, R. Stevens, and W. Wood, "Apollo CSM Dynamic Test
Program," Shock & Vib. Bull 39 (2), 106-121 (Feb. 1969).

The Apollo command and service modules are tested as a complete unit
under both acoustic and vibration excitation.

29. S. A. Clevenson, "Lunar Orbiter Flight Vibrations with Comparisons to
Flight Acceptance Requirements and Predictions based on a New
Generalized Regression Analysis," Shock & Vib. Bull. 39 (6), 119-132
(Mar. 1969).

Flight data were compared to predictions, and it was found that flight
acceptance tests were conservative by a factor greater than ten.

30. S. A. Clevenson and R. Steiner, "Fatigue Life Under Various Random
Loading Spectra," Shock & Vib. Bull. 35 (2), 21-31 (Jan. 1966).

Authors found that an aluminum alloy specimen under various random
loading spectra displayed no significant difference in fatigue life. The
Miner cumulative-damage theory gave unconservative estimates of life
under random vibration.

31. S. A. Clevenson, D. Hilton, and W. Lauten, "Vibration and Noise
Environmental Studies for Project Mercury," Inst. Environ. Sci Proc.
1961, p. 541.

A limited amount of data are presented to show spacecraft responses to
various excitations including suborbital flight.

32. S. Clevenson, D. Martin, and J. Pearson, "Representation of Transient
Sinusoids in the Environmental Vibration Tests for Spacecraft," Inst.
Environ. Scl. Proc. 1965, p. 139.

Authors suggest two techniques to simulate transient motions: (a) fast
sweep at maximum amplitude, and (b) slow sweep at variable amplitudes.

Sm l ii.il~l
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33. T. Coffin and G. D. Johnston, "A Comparison of the Vibration
Environment Measured on the Saturn Flights with the Predicted Values,"
Shock & Vib. Bull. 33 (2), 102.129 (Feb. 1964).

Preliminary vibration levels were predicted from available Jupiter data
and a limited amount of data from Saturn static firings. A comparison
of the actual vs predicted vibration environment is presented,

34. R. A. Colonna, D. E. Newbrough, and J. R. West, "Development and
Verification of the Vibration Test Requirements for the Apollo Command
and Service Modules," Shock & Vib. Bull. 37 (5), 89.103 (Jan. 1968).

A comparison of acoustic levels from flight data and laboratory
acoustic tests allowed laboratory vibration levels to be scaled to
simulate flight levels. Comparisons are made to date from early boiler
plate flights with correlation being good.

35. N. Cook, "How Far to Go in Additional Random Vibration Equipment,"
Inst. JEnviron. Sci. Proc. 1960, p. 483.

Author contends that random testing should be limited to 500 Hz.
36. H. Corten and H. Liu, "Fatigue Damage During Complex Stress Histories,"

NASA TN D.256, University of Illinois, Nov. 1959.
A relationship is piesented for fatigue life prediction and the relative
number and amplitude of imposed cycles of stress for a wire specimen
of 2024-T4 and 7075-T6 aluminum alloys, and for a hard-drawn steel
wire sample.

37. H. T. Corten and H. W. Liu, "Fatigue Damage Under Varying Stress
Amplitudes," NASA TN D-647, Nov. 1960.

Authors present a fatigue-damage prediction technique using stress
interaction factois.

38. T. Cost, "Initial Report on Equivalent Damage Measurement by Utilizing
S/N Fatigue Gages," Shock & Vib. Bull. 39 (2), 35-40 (Feb. 1969).

The use of S-N fatigue gages will allow fatigue damage to be measured
during service, and damage can thus be correlated to laboratory test
data.

39. R. H. Craig, "The Design of Electronic Equipment for Dynamic
Environments," Shock & Vib. Bull 34 (1), 131-140 (Feb. 1965).

Author suggests that the design of electronic equipment for dynamic
environments should be based largely on testing. Several design
problems and solutions are shown as a basis for dynamic design.

40. S. H. Crandall and T. D. Scharton, "Fatigue Failure Under Complex Stress
Histories," ASME Trans., J. Basic Eng. (Ser. D), 88, 247-251 (1966).

The authors present a crack growth expression which extends the
classical linear damage concept to the problem of predicting the
remaining fatigue life of a partially damaged structure.

41. C. E. Crede, "Criteria of Damage from Shock and Vibration," Shock &
Vib. Bull. 25 (2), 227-235 (Dec. 1957).
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A very limited amount of component fatigue data are presented to
show similarity to material fatigue data.

42, C. E. Credo, "Concepts and Trends in Simulation," Shock & Vib. Bull. 23,
1.8 (June 1956).

This paper presents a review of vibration testing procedures leading to
the concept of random excitation to define vibration.

43. A. J, Curtis, "Some Practical Objectives in Random-Vibration Testing,"
Shock & Vib. Bull. 24,351-352 (Feb. 1957).

Author suggests limiting random vibration testing to small items until
more experience is gained and notes that experimentally derived
equivalences would be valuable.

44. A. J. Curtis, J. G. Herrera, and R. F. Witters, "Combined Broadband and
Stepped Narrowband Randon Vibration," Shock & Vib. Bull. 35 (2),
33-47 (Jan. 1966).

Describes a random vibration system with capabilities of generating a
low-level broadband excitation with one or more variable-frequency,
high-level spikes.

45. A. J. Curtis, "A Statistical Approach to Prediction of the Aircraft Flight
Vibration Environment," Shock & Vib. Bull. 33 (1), 1-14 (Feb. 1964).

A prediction method is described which utilizes statistical techniques,
the variation of vibration intensity with dynamic pressure, and assumes
that the vibration environment is a broadband random vibration with
several superimposed narrowband random vibration spikes.

46. A. J. Curtis, "The Selection and Performance of Single-Frequency Sweep
Vibration Tests," Shock & Vib. Bull. 23, 93-101 (June 1956).

The use of sweep tests for transient fatigue and production testing is
discussed, with emphasis on the selection of a sweep rate for each. The
relationship of desired tests to vibration table capabilities is mentioned
briefly.

47. T. B. Delchamps, "Specifications: A View from the Middle," Shock & Vib.
Bull. 39 (6), 151-156 (Mar. 1969).

Author regroups some of the comments from various panel discussions
on the subject of vibration specifications, and adds his own views.

48. C. W. Detrich, R. H. Lyon, D, U. Noiseux, and E. A. Starr, "Dynamic
Response, Energy Methods, and Test Correlation of Flight Vehicle
Equipments," AFFDL-TR-65-92, Vol. 1, May 1965 and Vol. 2, Apr. 1966,
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio.

Authors present energy analyses of simple models and of a black box.
Coupling terms and loss factors are measured and correlated to theory.

49. T. J. Dolan, "Cumulative Damage from Vibration," Shock & Vib. Bull. 25
)., 200-220 (Dec. 1957)
Maie, factors influenci.ig fatigue failure are discussed. It is pointed out
that fatigue strengths must be considered as statistical parameters due
to the large number of factors involved.
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50. W. D. Doriand, K. M. Eldred, and R. J. Wren, "Development of Acoustic
Test Conditions for Apollo Lunar Module Flight Certification," Shock &
Vib. Bull. 37 (5), 139.152 (Jan. 1968).

The acoustic test levels for the LM vehicle were obtained by
reproducing the envelope of the flight vibration levels at three points on
the vehicle. Final acoustic test levels differed somewhat from flight
acoustic levels.

51. W. Dorland, "Study of the Relationship of Acoustic Space Correlation to
Structural Response," Study Plan Extracts 1969, NASA Manned Space-
craft Center, Houston, Texas.

A study of the effect of two to 16 independently correlated acoustic
ducts on models ranging from simple plates to actual space vehicles.

52. D. L. Earles and R. W. Sevy, "The Prediction of Internal Vibration Levels
of Flight Vehicle Equipment," Shock & Vib. Bull. 38, Supplement, 5-18
(Aug. 1968).

Authors use statistical energy methods to ;redict the vibratory response
of circuit boards. Reasonably good results were achieved above 500 Hz.

53. P. Edwards and W. T. Kirkby, "A Method of Fatigue Life Prediction Using
Data Obtained Under Random Loading Conditions," Royal Aircraft
Establishment Technical Report No. 66023, Farnborough Hants, Jan.
1966.

A method of fatigue life prediction using fatigue data from specimens
subjected to narrowband random stresses is proposed. Experimental
data are presented and a significant increase in accuracy is claimed.

54. K. Eldred, W. Roberts, and R. White, "Structural Vibrations in Space
Vehicles," WADD Technical Report 61-62, Wright Air Development
Division, ARDC, Wright-Patterson AFB, Ohio, Dec. 196 1.

A discussion of the vibration response of a space vehicle to various
excitation sources. An extensive bibliography on equivalences is
included.

55. K. M. Eldred, "Vibroacoustic Environmental Simulation for Aerospace
Vehicles," Shock & Vib. Bull. 37 (5), 1-11 (Jan. 1968).

Author suggests criteria for determining the minimum size of a portion
of a vehicle needed to simulate mounting impedance at components.

56. D. M. Ellett, "Criteria and Standards for Random Vibration," Shock &
Vib. Bull. 24, 344-347 (Feb. 1957).

Discusses three widely different specifications and questions the
Gaussian assumption.

57. J. M. Everitt, R. W. Schock, and J. R. Seat, "Saturn S-1 l, S-IVB and
Instrument Unit Subassembly and Assembly Vibration and Acoustic
Evaluation Programs," Shock & Vib. Bull. 37 (5), 117-137 (Jan. 1968).

The results of large-scale acoustic and vibration tests are presented.
Assembly-type tests are recommended as a technique to improve test
accuracy at the component level.
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58. T. E. Fitzgerald and L. C. Kula, "Transient Vibration Simulation," Shock
& Vib. Bull. 37 (4), 59-63 (Jan. 1968).

A sinusoidal sweep has historically been used to simulate long-duration
(approx. I -sec) transient vibration spectra. This was shown to be overly
conservative in some cases. A random vibration burst was found to give
a better simulation.

59, S. Fogelson, "Digital Analysis of Fatigue Damage to a Multimodal System
Subjected to Logarithmically Swept Sinusoidal Vibration Spectra," Shock
& Vib. BulL 36 (5), 17-40 (Jan. 1967).

A program for fatigue damage (a Miner damage hypothesis) of a
multimodal system is presented by assuming that modal damping is
known. No experimental data.

60. J. T. Foley, "Application of Environmental Data to Test Methods-Choice
of Test Levels," Sandia Report SC-M-69-287, Albuquerque, New Mexico,
July 1969.

A philosophical discussion of the steps involved in arriving at test
criteria. The steps are presented in logical manner.

61. W. Forlifer, "Problems in Translating Environmental Data into a Test
Specification," Inst. Environ. Sci. Proc. 1965, p. 185.

Outlines an approach used in obtaining specifications for launch phase
spacecraft testing.

62. P. H. Francis, "The Growth of Surface Microcracks in Fatigue," ASME
Trans., J. Basic Eng. (Ser. D) 91, 770-779 (Dec. 1969).

Author traces various approaches to fatigue life prediction.
63. P. A. Franken, T. H. Mack, and T. D. Scharton, "Comparison of Mariner

Assembly-Level and Spacecraft-Level Vibration Tests," Shock & Vib. Bull.
36 (3), 27-38 (Jan. 1967).

Responses of an electronic assembly are presented for two types of
vibration tests: (a) mounted to rigid fixture, and (b) mounted in space
vehicle. Author suggests the use of gross averages of data for initial
comparison of such test.

64. H. 0. Fuchs, "A Set of Fatigue Failure Criteria," ASME Trans., J. Basic
Eng. (Ser. D) 87, 333-343 (1965).

A set of three criteria are developed and presented to be used for the
design of long-life parts. Author concludes that (a) crack nucleation, (b)
crack propagation, and (c) yielding must be considered for any long-life
design.

65. J. C. Furling and H. M. Voss, "Hi Bex Missile Vibration Environment
Considerations," Shock & Vib. Bull. 35 (7), 25-30 (Apr. 1966).

Authors use acoustic levels at the exterior of a vehicle to predict the
external vibration levels. Limited test data are presented.

66. A. E. Galef, "A Quasi-Sinusoidal Vibration Test as a Substitute for
Random Vibration Testing," Shock & Vib. BulL 28 (4), 114-119 (Aug.
1960).
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Author suggests the use of a modulated sine wave to simulate
narrowband random inputs. By running at two different levels, the
distribution of peaks is closely approximated.

67. N. Granick, "Status Report on Random Vibration Simulation," Shock &
Vib. Bull. 27 (2), 137-146 (June 1959).

The status of random vibration simulation is reviewed critically. The
continued use of sinusoidal vibration techniques for the simulation of
noise-induced vibration appears justified on the basis of existing
knowledge and economic considerations.

68. C. L. Gray, "Feasibility of Using Structural Models for Acoustic Fatigue
Studies," Shock & Vib. Bull 30 (4), 140-152 (Apr. 1962).

The feasibility of employing structural models for acoustic fatigue
testing in jet noise environments is examined theoretically and
experimentally.

69. C. L. Gray, and A. G. Piersol, "Methods for Applying Measured Data to
Vibration and Acoustic Problems," AFFDL-TR-65-60, Air Force Flight
Dynamics Laboratory, Wright-Patterson AFB, Ohio, June 1965.

Specific techniques are outlined for using reduced data to establish
coherency estimates, frequency response function estimates, structural
vibration predictions, and extreme value predictions.

70. P. Hahn, "Shock and Vibration Considerations in Flight Vehicle System
Design," Inst. Environ. ScL Proc. 1963, p. 401.

Author presents a general discussion of items which must be considered
in designing for dynamic environments. Some philosophy relative to
types of analyses and tests required is included.

71. R. A. Harmen and J. T. Marshall, "A Proposed Method for Assessing the
Severity of the Vibration Environment," Shock & Vib. Bull 26 (2),
259-277 (Dec. 1958).

A method of analyzing and representing vibration data that defines the
environment and its severity to mechanical systems. The proposed
method employs three representations: (a) the vibrational intensity of
the environment, (b) the susceptibility of any given mechanical system
to vibration in general, and (c) a combination of the first two to yield a
measure of system response to a particular environment.

72. G. J. Hasslacher and R. C. Kroeger, "The Relationship of Measured
Vibration Data to Specification Criteria," Shock & Vib. Bull. 31 (2), 49-63
(Mar. 1963).

A review of the highlights of a successful vibration-data measurement
program.

73. G. J, Hasslacher and H. L. Murray, "Determination of an Optimum
Vibration Acceptance Test," Shock & Vib. Bull. 33 (3), 183-188 (Mar.
1964).

Describes a method of determining an optimum vibration-acceptance
test specification for aerospace electronic equipment wherein items of
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equipment are subjected to repeated test sequences at given levels until
failure occurs. Data thus produced will yield an acceptance level test
which will not fatigue the equipment.

74. P. E. Hawkes, "Response of a Single-Degree-of-Freedom System to
Exponential Sweep Rates," Shock & Vib. Bull. 33 (2), 296-304 (Feb.
1964).

The peak response and the number of cycles of an SDF system are
plotted for several damping conditions. The results are shown as
functions of a dimensionless parameter which can be considered to be a
measure of the sweep rate of the system.

75. J. A Heinrichs, "Feasibility of Force-Controlled Spacecraft Vibration
Testing using Notched Random Test Spectra." Shock & Vib. Bull. 33 (4),
47-53 (Mar. 1964).

The author derived test levels for a space vehicle for which the
booster-vehicle interface forces were unavailable.

76. R. Heller, "Reliability Through Redundance?" Inst. Environ. SeL Proc.
1969, p. 121.

Reviews work on the reliability of redundant structures including the
reliability of redundant structures under fatigue loading.

77. R. W. Hess and H. H. Hubbard, "Acoustic Fatigue Problem of Aircraft and
a Discussion of Some Recent Related Laboratory Studies," Shock & Vib.
Bull. 24, 231-235 (Feb. 1957).

Techniques of random and discrete frequency acoustic testing are
discussed and illustrated. Some comparisons of measured stresses and
fatigue life are given for a panel configuration exposed to both random
and discrete noise.

78. M. H. Hieken, "Vibration Testing of the Mercury Capsule," Shock & Vib.
Bull. 30 (5), 97-104 (May 1962).

Author describes vibration tests which were conducted on full-scale
Mercury capsules. The use of the complete capsule allowed a realistic
simulation for internal components.

79. D. E. Hines and D. A. Stewart, "Evaluation of a Design Factor Approach
to Space Vehicle Design for Random Vibration Environments," Shock &
Vib. Bull. 35 (5), 271-306 (Feb. 1966).

Miles analysis was used to obtain experimentally verified design factors
for cantilevers subjected to random vibration.

80. G. W. Housner, P. C. Jennings, and N. C. Tsai, "Simulated Earthquake
Motions," CIT Report, California Institute of Technology, Pasadena,
Calif., Apr. 1968.

Authors present four filtered and time-varying random signals which are
used as computational models for earthquakes of various intensities.

81. A. D. Houston, "Internal Vibration of Electronic Equipment Resulting
from Acoustic and Shaker-Induced Excitation," Shock & Vib. Bull. 37 (3),
7-20 (Jan. 1968).
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Reoponses of several itelns of olocirtonic equipment wore cuimpated
under aoouitih and mochanical vibration oxcitation, Responses were
found to he hiiher for the shaker test than for the acoustic tost,

812, Ki 1) Hoyt and G, S, Mustin, "Theoretical and Practical basis for
Sprcit'yinl a Traitapoitation Vibration Test," Shock At Vib, Bull, 30 (3),
122-.137 (Feb, 1962),

Autiors derive an equivalence using a sinusoldal vibration test for a
random environment, A standard vibration test for shipping containers
is proposed which is consistent with the theory.

81. N, F, Hlunter and J. V. Otts, "Reproduction of Complex and Random
Waveforms at Various Points on a Test Item," Shock & Vib, Bull, 36 (3),
47,54 (Jan, 1967),

Peak notch filters are used in a manner similar to their use in vibration
system equalization to reproduce a desired response at points located
on or below a test specimen.

84, NK F. Hunter and J, V, Otts, "Random-Force Vibration Testing," Shock &
VIA, Bull. 37 (3), 61,74 (Jan. 1968),

Authors present techniques necessary to extend force-controlled tests
to random 'vibration. A passive electrical analog Is used to demonstrate
the technique.

85, J, R, Hyde and R. A, Schiffer, "Mariner Mars 1964 Acoustically Induced
Vibration Environment," Shock & Vib. Bull. 35 (7), 31,53 (Apr. 1966).

Authors use acoustic levels to estimate vibration levels on the
spacecraft. Test levels were selected at the 95-percentile level and at 4.5
dB above it. Experimental data from flights are well within these
envelopes.

86, W. S. lnouye and F. B. Safford, "Vibration Fragility," Shock & Vib. Bull.
25 (2), 191,199 (Dec. 1957).

Discusses the application of vibration fragility curves for parts and
components by use of superposition to establish an overall fragility
limit for electronic equipment.

87. C. Ip, K. Kapur, and B. Slupek, "A Method for Estimating Response of
Payload Secondary Structures to Random Excitation," Inst. Environ. Sci.
Proc. 1968 , p. 185.

Authors present a matrix formulation of the spectral density response
of secondary structures for correlated loading.

88. 11. R. Jaeckel and S. R. Swanson, "Random Load Spectrum Test to
Determine Durability of Structural Components of Automotive Vehicles,"
XII Congress International Des Techniques De L'Automobile, Paper 3-02,
Barcelona, Espafia, May 1968.

Several studies have shown that road vibrations are essentially random
processes. Authors contend that the fatigue testing of automotive
components should be done with random vibration.
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89. F, A. Janniigs, "Practical Applications of Random-Vibration Testing,"
Shock& Vib, Bull. 24, 348.350 (Feb. 1957),

Author states that sinusoidal testing should be used in development
tests and that random testing should be used for qualification tests.

90. L. Kaechelo, "Probability and Scatter in Cumulative Fatigue Damage,"
Rand Corp. Memorandum, RM-3688-PR, Dec. 1963.

Author shows how the probability aspect of fatigue can be handled in a
manner similar to static properties.

91, A. 11, Kaike and S. R, Swanson, "Load History Effects in Structural
Fatigue," Inst. Environ. Sc. Proc. 1969, p. 66.

Authors review random fatigue loading techniques and suggest an
interesting way to accelerate random tests; i.e., eliminate lower level
portions of spectrum until article cracks, at which time the low-level
components may become significant.

92. S. Kaplan and A. Soroka, "An Approach for Duplicating Spacecraft
Flight-Induced Body Forces in a Laboratory," Shock & Vib. Bull. 39 (2),
147-156 (Feb. 1969).

Vibration test levels are tailored to fit design loads at various portions
of a spacecraft. This approach contrasts with usual tests where levels
depend on launch vehicle only and the dynamics of the spacecraft are
ignored.

93. A. L. Karneskey and H. C. Schjelderup, '"A Combined Analytical and
Experimental Approach to AIF," Shock & Vib. Bull. 25 (2), 39-54 (Dec.
1957).

Describes an acoustic survey of the RB-66 and A3D aircraft, including
the techniques of instrumentation and presentation of data.

94. J. A. Kasuba, "A Realistic Derivation of a Laboratory Vibration Test to
Simulate the Overland Transportation Environment," Shock & Vib. Bull.
35 (5), 37-48 (Feb. 1966).

An equivalent vibration test for restrained vehicular cargo is derived
using the kPalmgren-Miner hypothesis. This test is combined with
MIL-STD-810 airborne test levels to obtain a single test.

95. H. Katz and G. R. Waymon, "Utilizing In-Flight Vibration Data to Specify
Design and Test Criteria for Equipment Mounted in Jet Aircraft," Shock &
Vib. Bull 34 (4), 137-146 (Feb. 1965).

Authors propose using separate performance and endurance vibration
tests. The performance test (operating) should simulate flight levels
and the endurance test (nonoperating) should simulate the expected
aircraft life.

96. J. P. Kearns, "The Application of Analysis Techniques to Laboratory
Testing," Shock & Vib. Bull. 23, 88-92 (June 1956).

Methods of flight vibration analysis are reviewed along with the
problem of vibration transmission on a simple structure. Consideration
is given to the problem of attempting to correlate failures as produced
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by a simulated multifrequency environment with the failures as
produced by sine-wave tests.

97. J. Kelleher, "A Proposed Qualification Test Procedure for System
Compatibility during Vibration," Inst. Environ. Sci. Proc. 1960, p. 91.

A philosophical discussion of the design of a qualification test.
98. D. C. Kennard, "The Correlation of the Effects of Laboratory Versus

Service Environments on Hardware," Shock & Vib. Bull. 27 (4), 86-87
(June 1959).

A panel discussion presentation which outlines differences between an
ideal test and a practical test. Includes data on 32 service failures
which were reproduced in the laboratory.

99. W. Kirk, "Improved Reliability Through Acceptance Vibration Testing,"
Inst. Environ. ScL Proc. 1964, p. 545.

Outlines a type of acceptance test useful in detecting poor workman-
ship, and develops a scaling law (which may be incorrect) to obtain
equivalent levels. He presents data to show how acceptance testing has
improved the quality of test items.

100. G. H. Klein and A. G. Piersoll, "The Development of Vibration Test
Specifications for Spacecraft Applications," NASA CR-234, May 1965.

An excellent discussion of the general problem of developing vibration
test specifications for flight vehicles. Current procedures are reviewed
and a logical implementation of state-of-the-art procedures is sug-
gested to arrive at vibration specifications.

101. R. C. Kroeger and L. Marin, "A Preliminary Investigation of the
Equivalence of Acoustics and Mechanical Vibrations," Shock & Vib. Bull.
30 (4), 103-113 (Apr. 1962).

Authors describe tests of simple structures in a standing wave tube and
measurements of acceleration and strain as functions of pressure level
and frequency.

102. M. D. Lamoree and J. E. Wignot, "Some Problem Areas in the
Interpretation of Vibration Qualification Tests," Shock & Vib. Bull. 33
(3), 203-210 (Mar. 1964).

This paper discusses problems concerned with the interpretation of
vibration test specifications which arise in conducting qualification
tests and in the interpretation of test failures as related to the
probability of failure in service.

103. B. J. Lazan, "Energy Dissipation in Structures, With Particular Reference
to Material Damping," Structural Damping, papers presented at ASME
annual meeting, 1959 (J. E. Ruzicka, ed.), American Society of Mechanical
Engineers, New York, 1959.

A collection of papers.
104. N. M. L. Lee and J. P. Salter, "The Response of Packaged Military Stores

to Truck Transportation-Real and Simulated," Armament Research and

., ..-
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Development Establishment Memorandum 53/65, Fort Halstead, Kent,
Nov. 1965.

A discussion of the merits of machine-specified testing rather than
mrntion-specified testing.

105. R. C. Lewis, "Performance Limitations of Available Equipment for
Random-Vibration Testing," Shock & Vib. Bull. 24,353-355 (Feb. 1957).

Sinusoidal vibration systems must be derated for random testing due
to high peak-to-rms ratios. Systems designed for random testing will
be more nearly optimized.

106. C. E. Lifer, "Design of Space Vehicle Structures for Vibration and
Acoustic Environments," Shock & Vib. Bull 33 (4), 201-207 (Mar. 1964).

Author recommends that dynamic analyses be conducted on all
vehicles to improve design and testing. Uniform methods among all
contractors would allow more meaningful interpretation of end results
such as reliability predictions and failure analysis.

107. C. E. Lifer and R. G. Mills, "Prediction and Measurement of Vibration
Response of the Pegasus Micrometeoroid Measuring Satellite," Shock &
Vib. Bull. 34 (2), 27-35 (Dec. 1964).

A dynamic analysis of the Pegasus satellite was performed using a
lumped-parameter-system model. Verification of the analysis was
carried out during the vibration testing.

108. H. Lipsitt, "Crack Propagation in Cumulative Damage Fatigue Tests,"
Metallurgy and Ceramics Research Laboratory, Wright-Patterson AFB,
Ohio, 1963 (AD 471048).

The paper shows that several of the truisms of fatigue are false.
109. E. Lunney, "The Development of the General Environmental Specifica-

tions," Inst. Environ. Sci. Proc. 1963, p. 193.
A general discussion of items which should be considered in preparing
a general specification and procedure.

110. R. M. Mains, "Introduction to Shock and Vibration Simulation," Shock &
Vib. Bull. 28 (4), 225-231 (Aug, 1960).

Shock and vibration testing or simulation are essential for demon-
strating improvements in design, determining adequacy and accept-
ability of a design, and controlling quality.

111. R. Mains, "Simulation of Shock and Vibration Environments," Inst.
Environ. Sc. Proc. 1961, p. 38.

Author states that vibration simulation techniques should be based on
damage simulation rather than complete simulation of environment.

112. R. M. Mains, "How to Resolve the Problem of Dynamic Design," Shock &
Vib. Bull. 24, 324-328 (Feb. 1957).

Author states that dynamic design is dependent on three items: (a)
load definition, (b) damage criteria, and (c) response prediction.
Neglect of any will lead to problems In design.
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113, R. M. Mains, "An Application of Accumulative-Damage Criteria," Shock &
Vib. Bull. 25 (2), 242-256 (Dec. 1957).

Author obtains limiting stress-level predictions for shock spectra using
a normal distribution of shock intensities, and concludes that the
technique would work for other distributions.

114. P. Marnell and M. Zaid, "Lifetime Evaluation Procedures for Random
Shock and Vibration," Shock & Vib. Bull. 35 (3), 125-147 (Jan. 1966).

Authors discuss the damage due to a random vibration exposure as
obtained by using the Miner hypothesis. Plastic deformation is used as
a failure criterion for shock.

115. S. F. Masri, "Cumulative Damage Caused by Shock Excitation," Shock &
Vib. Bull. 35 (3), 57-71 (Jan. 1966).

The Shanley hypothesis for fatigue-damage accumulation was shown
to fit data from three widely different materials (glass, plastic, and
steel). The stress data were obtained by allowing damped free
vibration of the test specimens.

116. M. Matrullo and R. C. McCaa, "Flight Level Vibration Testing of a Lifting
Body Re-entry Vehicle," Shock & Vib. Bull. 36 (3), 113-118 (Jan. 1967).

A technique is presented for conducting an acceleration-controlled,
force-limited vibration test.

117. K. J. Metzgar, "A Test Oriented Appraisal of Shock Spectrum Synthesis
and Analysis," Inst. Environ. Sci. Proc. 1967, p. 69.

Author outlines the use of shock spectra in testing, with particular
reference made to shock testing on electrodynamic shakers.

118. J. Milne, "A Successful Vibration Test Program for One-of-a-Kind
Satellite," Inst. Environ. Sci. Proc. 1968, p. 201.

Author uses a combination of analysis and testing to arrive at final
qualification test levels. Notched spectra were used to keep from
exceeding design criteria loads.

119. F. Mintz, "Random Shake-An Obnoxious Conglomerate or a Delightful
Mixture?" Shock & Vib. Bull. 24, 335-336 (Feb. 1957).

Author poses several questions relative to sinusoidal and random
vibration. He concludes that sinusoidal testing must be continued
where possible since we have so much sine testing equipment in our
laboratories.

120. J. Monroe, "A Problem of Sinusoidal vs Random Vibration," Inst.
Environ. Scd. Proc. 1961, p. 571.

Authpr develops a random-sine equivalence which gives good results
for electronic equipment.

121. C. T. Morrow, "The Significance of Power Spectra and Probability
Distributions in Connection with Vibration," Shock & Vib. Bull. 28 (4),
171-176 (Aug. 1960).

The two most fundamental descriptions of random vibration are in
terms of power spectra and probability distributions. In most cases the

t.
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spectrum is the more useful quantity. In the case of fatigue the
probability distribution is important.

122. C. T. Morrow, "Why Test with Random Vibration," Shock & Vib. Bull.
24, 329.332 (Feb. 1957).

Author states that random testing becomes more appropriate as the
complexity of the test item increases. A sinusoidal substitute is readily
computed for simple test items such as piece parts and metal
specimens.

123. C. T. Morrow, Shock and Vibration Engineering, Volume 1, John Wiley
and Sons, Inc., New York, N.Y., 1963.

Testing may simulate environment, simulate damage, or control the
response dynamics of an equipment. Specification writer should
understand which approach or approaches he intends to use in a given
specification.

124. R. E. Morse, "The Relationship Between a Logarithmically Swept
Excitation and the Build-Up of Steady-State Resonant Response," Shock
& Vib. Bull. 35 (2), 231-262 (Jan. 1966).

An exact mathematical solution is obtained for an SDF system
subjected to a logarithmic sweep.

125. R. Mustain, "The Planning of Aerospace Vibration Tests and Programs,"
Inst. Environ. ScL Proc. 1965, p. 603.

Author presents a philosophical discussion of testing as applicable to
large aerospace vehicles.

126. R. W. Mustain, "Statistical Inferences on Environmental Criteria and
Safety Margins," Shock & Vib. Bull. 29 (4), 274-298 (June 1961).

The paper presents meaningful statistics on the relationships between
failure strength and critical stress.

127. R. W. Mustain, "Dynamics Environments of the S-IV and S-IVB Saturn
Vehicles," Shock & Vib. BulL 33 (2), 72-88 (Feb. 1964).

A brief review of techniques used to predict the dynamic environ-
ments of the S-IV and S-IVB vehicles is presented, and the
environments are summarized.

128. R. W. Mustain, "On the Prediction of Dynamic Environments," Shock &
Vib. Bull. 28 (4), 20-47 (Aug. 1960).

Estimates of jet engine noise, rocket engine noise, and boundary-layer
noise have been computed; actual field data are compared with
predictions; and vibration levels created by acoustic inputs are
presented.

129. D. Muster, "Correlation of the Effects of Laboratory vs Service Environ-
ments on Hardware," Shock & Vib. Bull. 27 (4), 88-90 (June 1959).

A prepared presentation for panel discussion which outlines the
relative impedances of equipment, vehicle, and test machine which
will allow a good damage correlation.
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130. 3. C. New, "Achieving Satellite Reliability Through Environmental Tests,"
Inst. Environ. Sci. Proc. 1963, p. 561.

A general discussion of the testing of limited-production satellites.
131. R. P. Newman, "Multi-Resonance Response to Sine and Random

Vibration," Inst. Environ. ScL Proc. 1962, p. 561.
Author experimentally compares response of multi-degree-of-freedom
systems to sine vibration, random vibration, and controlled sine
spectrum (periodic) vibration.

132. C. E. Nckolls and J. V. Otts, "A Progress Report On Force Controlled
Vibration Testing," Shock & Vib. Bull. 35 (2), 17-130 (Jan. 1966).

A test procedure is suggested where force control is used in
conjunction with electronic simulation. This allows the test item to
react with its environment in a manner similar to actual usage.

133. M. Oleson, "Application of a Special Test Fixture to Vibration Measure-
ment during Static Firing of Rocket Motors," NRL Memorandum Report
1039, Naval Research Laboratory, Washington, D.C., Apr. 1960.

Author uses a special fixture to improve vibration measurements
during the static firing of rocket motors.

134. G. Padgett, "Formulation of Realistic Environmental Test Criteria for
Tactical Guided Missiles," Inst. Environ. ScL Proc. 1968, p. 441.

Author points out variables which should be considered in arriving at
an environmental specification, and shows how such test criteria might
be developed for a guided missile.

135. F. Pamisano, "The Value of Acoustical Testing of Small Electronic
Components," Shock & Vib. Bull. 30 (4), 114-127 (Apr. 1962).

A comparison between acoustic and mechanical tests on several
electronic tube types ranging from a single two-element diode to a
multielement twin triode.

136. Panel Discussion, "The Relationship of Specification Requirements to the
Real Environment," Shock & Vib. Bull. 31 (2), 287-301 (Mar. 1963).

A variety of comments on poor specifications, inability to simulate
environment, necessity for sizable safety factors, etc.

137. Panel Discussion, "The Specification Problem," Shock & Vib. Bull 34 (4),
153-163 (Feb. 1965).

Good specifications should be conservative without imposing a large
factor of safety. Participants agree that test specifications should be
standardized between government agencies.

138. Panel Session, "Prediction of Flight Environment," Shock & Vib. BulL 33
(2), 161-171 (Feb. 1964).

The prediction of environmental levels in flight vehicles is more of an
art than a science at the present time. It is therefore necessary to have
large factors of ignorance in the test levels to account for lack of
confidence in the predictions.
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139. Panel Session, "The Use of Environmental Data in Design," Shock & Vib.
Bull. 33 (4), 219-227 (Mar. 1964).

Environmental design is primarily an art. It requires close liaison
between designers, analysts, and test engineers.

140. Panel Session, "The Establishment of Test Levels from Field Data," Shock
& flib. Bull. 29 (4), 359-376 (June 1961).

Those concerned with determining the probability that given equip-
ment will fail in service are faced with the problem of translating
environmental data into realistic laboratory tests. Simulation is the art
of laboratory testing to create a condition that is representative of the
actual environmental condition to which equipment will be subjected.
In this context, a simulated environment is not necessarily similar to
the actual environment but rather has the same damage potential.

141. Panel Session, "Standardization of Vibration Tests," Shock & Vib. Bull.
33 (3), 219-229 (Mar. 1964).

Standardization of vibration testing procedures should be
limited to small, less complex equipment. Many specifications are
overly conservative, but this is a specialized problem and should be
treated separately from improving reproducibility of tests.

142. A. V. Parker, "Response of a Vibrating System to Several Types of
Time-Varying Frequency Variations," Shock & Vib. Bull. 29 (4),
197-217 (June 1961).

Author presents an analysis and discussion of the logarithmic sweep
function and the so-called log-log sweep function.

143. A. R. Pelletier, "Problems and Considerations in Combining Sine and
Random Vibration in the Environmental Test Laboratory," Shock & Vib.
Bull. 33 (3), 101-106 (Mar. 1964).

A discussion of four basic conditions which must be considered when
sweeping sine and random signals are combined into one vibration test
environment.

144. R. W. Peverley, "Acoustically Induced Vibration Testing of Spacecraft
Components," Shock & Vib. Bull. 36 (3), 39-46 (Jan. 1967).

The author presents a technique in which a vibration test was
conducted by acoustically exciting a 1800 segment of Apollo space
module to obtain levels similar to flight measurements.

145. A. G. Piersol, "Nonparametric Tests for Equivalence of Vibration Data,"
SAE Paper 748C, Sept. 23-27, 1963.

Author uses nonparametric test data analysis techniques to determine
if test data are stationary or if measurements represent the same
conditions.

146. R. Plunkett, "Problems of Environmental Testing," Shock & Vib. Bull. 25
(2), 67-69 (Dec. 1957).

Environmental testing is mainly a comparison process and cannot be
expected to qualify systems and components for field service. The
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designer, inspector, and contract negotiator must recognize the
arbitrary character of this type of test and appreciate the proper role
of suitable specification waivers and modifications.

147. J. E. Rice, "Interpretation and Application of Specification Requirements
that Simulate Vibration Responses of Equipment Being Shipped by
Common Carrier," Shock & Vib. Bull. 35 (5), 129-132 (Feb. 1966).

Author contends that vibration levels and frequency ranges for large
test items (greater than 1000 Ib) are unrealistic and that present test
criteria will lead to poor design.

148. W. Rehinann and W. Wood, "Some Dire t Observations of Cumulative
Fatigue Damage in Metals," Institute for the Study of Fatigue and
Reliability, Report No. 11, Dept. of Civil Engineering and Engineering
Mechanics, Columbia University, N.Y., Oct. 1964.

Mixtures of stress types will cause the damage accumulation law to
become more complicated.

149. J. Robbins, "Development of a White-Noise Vibration Test for Electron
Tubes," Shock & Vib. Bull. 23, 251-256 (June 1956).

Author describes a practical white-noise vibration test method for the
evaluation of electron tubes.

150. F. Robinson, "Combined Environment Testing of Shipboard Electronic
Equipment and Utilization of Regression Analysis," Shock & Vib. Bull 36
(6), 83-90 (Feb. 1967).

A 450-hr combined environment test was performed on electronic
modules, and a multiple regression analysis was performed to relate
degradation to environmental factors. Degradation was found to be
independent of the vibration.

151. J. L. Rogers, "Vibration Tests, an Estimate of Reliability," Shock & Vib.
Bull. 33 (3), 189-194 (Mar. 1964).

Author discusses vibration testing as a tool for the evaluation of
component reliability.

152. T. P. Rona, "Equivalent Vibration Program from the Fatigue Viewpoint,"
Shock & Vib. Bull. 27 (2), 129-136 (June 1959).

Some, if not most, vibration and shock analysis is done to predict the
endurance life of structural components. Elementary examples are
given and limitations of this approach pointed out.

153. L. W. Root, "Selection of Vibration Test Levels Using Fatigue Criteria,"
Shock & Vib. Bull 34 (5), 5 5-65 (Feb. 1965).

Author reviews equivalence equations for like types of vibration and
change of time scale techniques using both Palmgren.Miner (PM) and
Corten-Dolan (CD) hypotheses.

154. C. V. Ryden, "Summary of Design Margin Evaluations Conducted at the
U.S. Naval Missile Center," Shock & Vib. Bull. 33 (4), 209-217 (Mar.
1964).
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Incremental levels of environmental stresses are applied to missile
systems to induce failures deliberately. Improvements in missile
reliability are based on such test programs.

155. J. Salter, "A Vibration Exciter Having Generalized Mobility Character-
istics," J. Environ. Sc. 9, 18 (Aug. 1966).

Author proposes that a multimodal attachment be added to a vibration
shaker to obtain an appropriate envelope of peaks. The test item
should be able to react in a realistic manner.

156. J. Salter, "Problem Areas in Dynamic Testing," Inst. Environ. ScL Proc.
1963, p. 4 9 .

Author questions validity of present vibration specifications which are
based on envelopes of field data and which do not allow tested
equipment to react in a normal manner.

157. J. P. Salter, "Advances in Numerology," Shock & Vib. Bull. 37 (3), 1-6
(Jan. 1968).

In the author's view the attempt to use precise, carefully defined
numerical values to represent the response of a specimen to a given
environment is itself unrealistic. The use of simpler and more
empirical techniques is urged, and two simple examples are given.

158. J. Schijve, "The Analysis of Random Load-Time Histories with Relation to
Fatigue Tests and Life Calculations," Fatigue of Aircraft Structures;
Proceedings. Symposium on Fatigue of Aircraft Structures, Paris, 1-;61 (W.
Barrois and E. L. Ripley, eds.), Pergamon Press, New York, 1963.

Author presents seven counting techniques for analyzing load-time
histories. Several of the techniques yield comparable results; however,
the theory is unable to select the most correct technique.

159. H. C. Schjelderup, "A New Look at Structural Peak Distributions Under
Random Vibration," WADC-TR-59-676, Wright Air Development Center,
Wright-Patterson AFB, Ohio, Mar. 1961.

Author shows how distributions other than Rayleigh might be used in
predicting fatigue lives.

160. C. G. Setterlund and J. A. Skoog, "The Bomarc Flight Vibration and its
Development into an Equipment Vibration Specification," Shock & Vib.
Bull. 24, 45-55 (Feb. 1957).

An interim substitute single-frequency vibration test is described
where equivalence is based on reproducing rms responses in equip-
ment.

161. G. Setterlund, "Vibration Test Requirements for Prototype Airborne
Equipment Items," Boeing Document D-80330, The Boeing Co., Seattle,
Wash., May 11, 1956.

A technique is presented for calculating a sinusoidal substitute for a
random vibration excitation.

162. F. Shanley, "Discussion of Methods of Fatigue Analysis," Fatigue of
Aircraft Structures; Proceedings, WADC-TR-59-507, Aug. 1959.
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A mathematical theory of fatigue is presented from which stress
analysis and design methods can be developed. Theory is based on
earlier papers by author.

163. D. T. Sigley, "Sinusoidal Vibration Testing is at Present Adequate," Shock
& Vib. Bull 24, 337 (Feb. 1957).

Author believes that sinusoidal vibratior testing is adequate since we
have a large amount of experience and large quantities of test
equipment for sinusoidal tests but have very little experience or
equipment for random testing.

164. A. W. Sinkinson, "Designing Electronic Equipment for the Combined
Random and Sinusoidal Vibration Environment," Shock & Vib. Bull 34
(2), 137-144 (Dec. 1964).

A Miles analysis is used to obtain an equivalent sine level for a
combined sine-random test. No experimental verification is presented.

165. K. W. Smith, "A Procedure for Translating Measured Vibration Environ-
ment into Laboratory Tests," Shock & Vib. Bull. 33 (3), 159-177 (Mar.
1964).

A Miles analysis was used to obtain equivalence equations including
time-scaling equations. The author proposed handling various levels of
damping and various fatigue slopes by statisti,.al techniques.

166. E. Soboleski and J. N. Tait, "Correlation of Damage Potential of Dwell
and Cycling Sinusoidal Vibration," Shock & Vib. Bull. 33 (3), 113-123
(Mar. 1964).

End-loaded cantilever beams of square copper bus bar were subjected
to sinusoidal dwell and sweep excitations to obtain an equivalence
comparison.

167. C. V. Stahle, "Some Reliability Considerations in Specification of
Vibration Test Requirements for Nonrecoverable Components," Shock &
Vib. Bull. 34 (4), 147-152 (Feb. 1965).

Considers modification of present vibration tests in order to confirm
component reliability. Two models of the environment are con-
sidered: (a) vibration level defined uniquely, and (b) vibration level
defined statistically. In both cases, test times would have to be
extended considerably.

168. W. Stronge, "Forced Aperiodic Vibrations," Inst. Environ. Sci. Proc. 1966,
p. 193.

Obtains the response of a simple system to a displacement input
involving variable frequency.

169. C. R. Tallman, "Evaluation of Vibration Problems, Criteria, and Tech-
niques," Shock & Vib. Bull. 24, 105-109 (Feb. 1957).

Reviews the present trends in environmental simulation test methods.
An overhaul of current specifications is suggested to ensure that tests
produce meaningful information.
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170. M. C. Trummel, "Ground Test Simulation of Lift-Off and Transonic
Vibration Excitation Mechanisms on the Ranger Spacecraft," Shock &
Vib. Bull. 35 (2), 74-84 (Jan. 1966).

Vibration levels based on estimated acoustic excitation and measured
acoustic acceptances are compared to measured vibration levels.
Correlation is good above 600 Hz.

171. E. E. Ungar and K. S. Lee, "Considerations in the Design of Supports for
Panels in Sonic Fatigue Tests," AFFDL-TR-67-86, Air Force Flight
Dynamics Laboratory, Wright-Patterson AFB, Ohio, Sept. 1967.

Authors offer an approach to comparing the structural response of
panel supports under sonic excitation.

172. S. Valluri, "A theory of Acoustic Fatigue," Aeronautical Research
Laboratories Report ARL 62-370, California Institute of Technology,
Pasadena, Calif., July 1962.

Expressions are derived for the prediction of time to failure caused by
acoustic excitation. Simplifying assumptions indicate that probability
of failure at any time is directly related to the cumulative probability
of the distribution function associated with the rms shess response.

173. B. R. Vernier, "Cumulative Damage in Complex Equipment Due to
Vibration," Shock & Vib. Bull. 25 (1), 165-173 (Dec. 1957).

A process is discussed in which the amplitudes of the acceleration
peaks and their probability distributions are used rather than the rms
values of the accelerations.

174. M. Vet, "Dwell-Sweep Correlation," Inst. Envirort Sci. Proc. 1963, p. 433.
Cantilever beams of four materials were used to obtain fatigue failures
at constant input levels.

175. A. Warren, "The Testing of Equipments Subject to Vibration; Some Basic
Considerations," Armament Research and Development Establishment
Report (L), ARDE, Fort Halstead, Kent, July 1958.

Author bases vibration test levels on similar responses as predicted by
an analog computer method. The amplitude and sweep rate of a sine
wave are adjusted to yield similar responses to measured accelerations
in vehicles.

176. H. R. Welton, R. Ca.michael, W. Harger, and L. L. LeBrun, "Definition and
Shipping Vibration Environmen.s," Shock & Vib. Bull. 30 (3), 27-35
(Feb. 1962).

Covers the status of vibration requirements in packaging specifications
and current Aerospace Industries Association (AIA) Committee action.

177. R. W. White, "Theoretical Study of Acoustic Simulation of In-Flight
Environments," Shock & Vib. Bull. 37 (5), 55-75 (Jan. 1968).

A modal analysis of a uniform, pinned-end, cylindrical shell was
performed to predict response accelerations caused by a modified
progressive wave, a reverberant field, and a flight acoustic field.
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Cumulative damage (Continued) Edge, P., [120] 104
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nonlinear, 14, 23, 27 Endurance limit
phenomenological, 28-32 defined, 7
summary, 34 test, 37

time scaling, 37 Ensign, C., [32] 26
Curtis, A.J., 153] 44, [791 78, [87] Envelope

87, [99] 98, [136] 118 data, 97
Damping force, 102

Coulomb, 40 response, 98
discussion, 40 test, 70, 96
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viscous, 40 service, definition of, 107, 110
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due to magnitude, 73 change of test type, 50, 70
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random, 47 Gertel, M., [621 55
sInusoidal dwell, 39 Gohn, G., [4] 6
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mechanisms, 35, 107 Hooke, F.H., [42] 29
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definition, 6 Incremental damage, 6
effects of creep, 8 Input force control, 100
life, 7, 11, 12, 33 Input power control, 99
load effects, 50 Interaction
processes, 6, 50 equivalence, 1,89, 117
temperature dependence, 8 resonance, 46

Fatigue theory, 33, 50, 118 structural, 97
First passage, 73, 118 Interrelationship of test variables, 107
Fixture Jacobsen, L.S., [74] 75

control, 100 Johnston, J.D., [116] 104
multimodal, 102 Kachadourian, G., [76] 76
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Life Mechanical elements, 93
load, 34 Mechanical impedance
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prediction, 33 concepts, 89
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